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ABSTRACT OF THE DISSERTATION
New Physics with Ultra-High Energy Neutrinos
by
Yicong Sui
Doctor of Philosophy in Physics
Washington University in St. Louis, 2021
Professor Bhupal Dev, Chair
Ultra-high energy (UHE) astrophysical neutrinos are unique in the sense that they are the
only known particles that could travel through incredibly long distance unattenuated, with
TeV to EeV energy, much higher than the most powerful man-made collider could provide.
The detection of these UHE neutrinos has ushered a new era in neutrino astrophysics, as they
carry important information directly from the inside of energetic astrophysical objects. On the
other hand, from the particle physics point of view, the UHE neutrinos also offer a new window
of opportunity for studying beyond the Standard Model (BSM) phenomena. This is the main
theme of this dissertation. We show by explicit examples that by studying the generation
and detection mechanism of the UHE neutrinos and their energy spectra at ground-based or
airborne neutrino detectors, we can effectively probe some BSM physics with unprecedented
sensitivity. Specifically, we discuss how models of heavy dark matter (DM) decay, Zee model
with light charged scalars, and R-parity violating supersymmetry (RPV-SUSY) can be probed
using the UHE neutrino data from IceCube and ANITA experiments.
In the dissertation, we first give a brief review of the SM with special focus on electroweak
interactions and then discuss in general the mechanism of astrophysical neutrino generation
and interaction with matter under the SM framework. Then, we discuss in detail four projects
related to different aspects of BSM extensions of the UHE neutrino physics.
xvi

In the first project, we mainly focus on the astrophysical aspect of the UHE neutrinos such
as the neutrino flux model, flavor composition due to standard or muon-damped pion source
and the correlation between the neutrino flux and the gamma-ray flux. A two-component
neutrino flux model, with either astrophysical or dark matter origin, and with different flavor
compositions is studied. Our combined likelihood analysis, comparing the simulated data
from various scenarios of this new flux model and the IceCube high-energy neutrino data,
finds that the scenario with a heavy dark matter decay component is mildly preferred over
the purely astrophysical flux model. We derive the corresponding best-fit contours in the
dark matter mass and lifetime plane.
In the second project we turn our eyes back on Earth and focus on a BSM extension of
neutrino-matter interaction – the so-called non-standard neutrino interactions (NSI). We
propose that a leptophilic light charged scalar could induce a Glashow-like resonance which
gives distinguishing signal pattern in the UHE neutrino event spectrum. We study the Zee
model of radiative neutrino mass generation as a prototype and show that with a 100 GeV light
charged scalar, which is still allowed by current constraints, a peak around 10 PeV in the UHE
neutrino energy should be seen with the sensitivity of the upgraded IceCube-Gen2 detector.
This provides a new probe of NSI complementary to neutrino oscillation experiments.
In the third project we move further into the high energy regime and make an attempt
at explaining the up-going anomalous EeV energy neutrino events seen by ANITA balloon
experiment by some BSM physics. We propose that under the framework of RPV-SUSY, a
GeV-scale, long-lived neutral bino could be a suitable candidate to resolve the discrepancy
between the observed up-going EeV events and the short interaction length of UHE neutrinos
in Earth material under SM. In this interpretation, the binos are generated by the modified
neutrino-nucleus interaction and propagate through around 6000 km of Earth material before
decaying back to neutrinos near Earth’s surface and producing extensive up-going air showers
xvii

that are detected by ANITA as the anomalous events. We derive the best-fit region of
parameter space in the RPV-SUSY framework to explain the ANITA events and find that
it is still consistent with current constraints, but should be completely testable in the near
future.
Finally in the fourth project, we extend the RPV-SUSY framework to the so-called RPV3,
where the third-generation superpartners are presumed to be the lightest. In this scenario,
we simultaneous explain the following seemingly unrelated anomalies: (i) the lepton flavor
universality violation manifested as RD(∗) and RK (∗) flavor anomalies; (ii) the long-standing
discrepancy in muon anomalous magnetic moment; and (iii) the ANITA EeV anomalous
up-going events. Three different benchmarks are discussed in detail and all the thirdgeneration superpartners needed are confined in 1-10 TeV mass range, accessible at the LHC
or next-generation hadron collider.

xviii

Chapter 1
Introduction

1.1

Neutrino and Standard Model

The era of elementary particle physics began in 1897 as J.J.Thomson discovered electron. Ever
since, generation after generation of physicists devoted themselves into the great journey of
destroying atoms with higher and higher energy and discovering more and more fundamental
particles and uncovering more and more physics laws in even smaller scale. During this time,
a special particle, called neutrino, was first suggested by Pauli [1] as a desperate salvaging
attempt for the energy conservation law which was seemingly broken by the observation of
continuous β decay spectrum. As more and more efforts were put in to understand this
neutral and seemingly massless particle, a new force of nature – weak force is discovered
and the famous Fermi theory is proposed [2] along with the rise of weak interaction studies.
Later on, the study of the parity violation problem in weak interaction by Lee and Yang [3]
led people to deeper understanding of the charged current of weak interaction, which, when
combined with the formation of V-A theory in 1958 [4, 5, 6], nurtured the idea of electroweak
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unification, pushed forward the formation of the Weinberg-Salam electroweak model [7, 8]
and hence boosted the completion of the modern theory of standard model. Looking back
into the history, it is pretty save to state that the observations and the studies involving
neutrinos have played a paramount role in our understanding of weak interactions and of
standard model. It is also believed by many, including me, that the further observation and
studies involving this particle will lead to ground breaking understanding of physics beyond
standard model (BSM). But before we go too far into the BSM world, let’s start from a brief
review of the electroweak theory in the standard model.

1.1.1

Electro-Weak Theory

As we know, the modern theory of particle physics, officially named as standard model, starts
from a Yang-Mills theory [9] with gauge group SU (3) × SU (2)L × U (1)Y . The SU (3) part is
mainly relevant to the strong coupling and will not be discussed in detail here. What we focus
on is the electroweak theory [7, 8] under SU (2)L × U (1)Y . The corresponding Lagrangian for
gauge boson read as:
1
1
Lgauge = − Waµν Waµν − B µν Bµν
4
4

(1.1)

where Waµν and Bµν are the W boson and B boson field tensors that transforms as F µν →
U F µν U −1 under SU (2)L and U (1)Y respectively. The field tensors are specifically defined as:
Waµν = ∂ µ Waν − ∂ ν Waµ + gbca Wbµ Gνc

(1.2)

B µν = ∂ µ B ν − ∂ ν B µ .

(1.3)
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where Waµ and Bµ are the field objects for W and B boson. The fermion part of the Lagrangian
read as:

Lfermion =

X

f¯iγ µ Dµ f

(1.4)

f ∈ all fermions

where Dµ = ∂µ − i(gs Gµ + gWµa ( τ2a ) + gY Bµ Y2 ) being the covariant derivative operator. Here,
f could be either leptons or quarks with different Y , also known as hyper charge, in the
Dµ operator. The fermion field objects are typically divided by left and right handiness
due to their different transformation properties in the theory, which is a result of the parity
violation property for weak theory, first proposed by Lee and Yang [3] and quickly confirmed
by Madam Wu[10] in 1956. Hence the fermion field objects are typically written as:




uL 
QL =   = (2, 1/3),
dL
 
νeL 
Ll =   = (2, −1),
`eL

dR = (1, −2/3),

uR = (1, 4/3),

`eR = (1, −2).

with the numbers in the parenthesis denoting the transformation property in SU (2)L and
U (1)Y respectively. As we could see, the left hand fields forms a doublet object under SU (2)L
while all the right hand fields are singlets. For the left hand files, the τ3 /2 operator has
definite eigen values and thus we define a quantum number I3 , also known as weak isospin,
for the eigen values of this operator.
The B and W3 field mix under the following rotation:










µ
µ
A   cosθW sinθW   B 
=
  


Zµ
−sinθW cosθW
W3µ

3

(1.5)

where θW is the weak mixing angle. After mixing, we could find a special relation between
the EM charge associated with the A field (corresponding to U (1)EM ) and hyper charge Y
and weak isospin I3 : Qem = I3 + Y2 . After performing the rotation and plugging in the QEM
instead of the hyper charge, the fermion Lagrangian could be expanded and written as:
g
LEW = √ (W+µ ν̄L γµ `L + W+µ ūL γµ dL + h.c.)
2


+ gZ Z µ I3 − sin2 θW Qem f¯L γµ fL + gZ Z µ −sin2 θW Qem f¯R γµ fR
+ eAµ Qem f¯L γµ fL + eAµ Qem f¯R γµ fR

(1.6)

where fL = uL , dL , νL , `L and fR = uR , dR , `R . Similar derivation could be made for the
2nd and 3rd generation and will not be shown here. In general, interactions with W boson
are also referred to as charged current(CC) while the Z boson interaction is referred to as
neutral current(NC).
Now that the interaction between fermions and bosons are written down, the electromagnetic
and the weak interactions are naturally merged into one, everything seems to be working
well. But we also notice a non-physical property of our gauge theory – all the particles are
still massless! To make it worse, we cannot add a mass term like mf¯f or mW µ Wµ into our
Lagrangian since those terms alone violate the gauge symmetry. In the next section, we will
show that this problem could be solved delicately by introducing a scalar field which could be
used to break the gauge symmetry in a spontaneous way thus giving mass to the particles.

1.1.2

Spontaneous Symmetry Breaking

Around 1960, Nambu and Goldstone [11, 12] discover that a Lagrangian may be invariant
under certain symmetry while the lowest energy state(also known as the vacuum state) of
this system may not have such symmetry. They studied the global symmetry case and found
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out that if the global symmetry is broken by the choice of vacuum state, massless boson
particles will emerge. These massless particles are now known as Nambu-Goldstone bosons.
Later on, Higgs and many other physicists [13, 14, 15, 16] studied scenario for local symmetry
(gauge symmetry) and found out that in this case, instead of producing massless particles,
the gauge fields associated with the broken symmetry generators would require mass. Here,
we will briefly review how this is achieved.
First, let us consider the Lagrangian for a complex scalar field φ(x):
LHiggs = (Dµ φ)† (Dµ φ) − µ2 φ† φ − λ(φ† φ)2

(1.7)

where φ = (1, 2, 1). If µ2 < 0, the minimum of the potential for this scalar fields occurs at
q
2
2
|φ| = − µ2λ ≡ √v2 . v = −µ
is referred to as vacuum expectation value. Notice that since
λ
φ(x) is a complex field, so the minimum points fall on a ring around the origin point on the
complex plain. Without losing generality, we could choose one state as our vacuum:




0
hφi =  
√v
2

(1.8)

After choosing this expectation value, the SU (2)L × U (1)Y is broken down to U (1)em :
τ1
τ2
hφi =
6 0, I2 hφi = hφi =
6 0
2
2
τ3
I3 hφi = hφi =
6 0, Y hφi = hφi =
6 0
2

 
1 0   0 
(I3 +Y /2)hφi ∼ 
  = 0
0 0
v
I1 hφi =

(1.9)

Therefore, three out of four degree of freedom for the doublet complex scalar φ are eaten by
the corresponding gauge fields and become their longitudinal mode thus giving those gauge
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bosons mass. The mass terms for the gauge bosons could be retrieved by plugging in the
expectation value to the Eq (1.7):


µ

gZ Z µ ( 12

2

− sin θW )

µ
√g W
+
2



†

  0 
  
µ
1
µ
µ
√g W
√v
eA
·
0
+
g
Z
(−
)
Z
−
2
2
2

 
2
1
√g W+µ
eAµ + gZ Zµ ( 2 − sin θW )
 0 
2

   + const.
1
√g W−µ
√v
eA
·
0
+
g
Z
(−
)
µ
Z
µ
2
2
2

eA +
LHiggs |hφi = 

=

g2 v2 µ
g2 v2
W+ W−µ + Z Z µ Zµ + const.
2 2
4 2

(1.10)
(1.11)

From the above equations we clearly get the mass of W boson and Z boson is:
ev
gv
=
2
2 sin2 θW
gZ v
ev
mZ =
=
= mW /cos θW
2
2 sin θW cos θW

mW =

(1.12)
(1.13)

We also notice that the Aµ quadratic terms vanish as expected since U (1)em is the residue
symmetry and thus the corresponding gauge field is still massless. With three DOF out of
four being eaten, the left over DOF for the doublet complex field φ(x) could be expressed

†
1
as an expansion term around the vacuum φ(x) = √2 0 v + H(x) , where H(x) is a real
scalar field representing the physical Higgs boson. Plugging in this expression into full Higgs

Lagrangian and collecting the H(x) quadratic terms, we could get the expression for Higgs
p
√
mass mH = 2λv 2 = −2µ2 . Since µ2 is a parameter introduced into SM specifically, we
cannot derive this mass from other part of the theory, hence the Higgs mass has to come
from experiment measurement.
Now that the mechanism to generate gauge boson mass is introduced, we could go one step
further and develop the mechanism to give fermion mass. This is achieved by introducing
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the Yukawa interaction between fermion fields and Higgs field:

LY ukawa = −(ylij L̄Li φ `Rj + ydij Q̄Li φ dRj + yuij Q̄Li φ̃ uRj + h.c.)
where φ̃ = iτ2 φ =
∗

√1
2



v + H(x) 0

†

(1.14)

and i, j are the generation indices taking from 1 to

3. Taking the terms with the VEV, we get:
yl v
yd v
yu v
LY ukawa ⊃ − √ij `¯Li `Rj − √ij d¯Li dRj − √ij ūLi uRj + h.c.
2
2
2

(1.15)

Therefore, the fermion mass matrices are given by the multiplication of VEV and the Yukawa
coupling matrices. Notice that the Yukawa coupling matrices are not necessarily diagonal,
so typically the fermion states we are using now is not the definite-mass states. To transfer
the current fermion states (also known as flavor states) into mass states, what we need is to
perform bi-unitary transformation for the Yukawa coupling matrices and use the left and
right transformation matrix for each Yukawa matrices to further rotate the lepton, up-type
and down-type quark states. We will not go into full details of this procedure but merely
state the physical result of this. For the lepton sector, such transformation from the flavor
states to mass states will not bring any changes to the EW interactions. To be more specific,
no changes are made for the CC interaction. This is because in the SM framework, neutrinos
are considered to be massless due to the lack of right hand components. Thus we could rotate
neutrino states according to how we rotate lepton states and thus cancel the transformation
effect in CC interaction. As for NC interaction, it is diagonal in the first place so it is always
invariant under unitary transformation. The similar transformation needs to be done in the
quark sector also while we cannot cancel the effect of the transformation this time since neither
down-type nor up-type quarks are massless. So for the CC interaction, a multiplication of
the down-type transformation and the up-type reverse transformation matrices will show up
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as the mixing matrix when we write down CC interaction in mass states.
g
µ
LCC
EW ⊃ √ W+ ūLi γµ VCKMij dLj + h.c.
2

(1.16)

where VCKM = VLu† VLd . The direct physical result of this quark mixing in CC interaction is
that the flavor of the quark in CC interaction is no longer invariant which means processes
like u → W + s is possible and indeed, such processes are observed and measured in multiple
experiments [17]. Now, with the fermion mass, gauge boson mass and Higgs boson mass
successfully generated, the picture of standard model is complete. The summary Lagrangian
is the sum of all the different parts we introduced earlier:

LSM = Lgauge + Lf ermion + LHiggs + LY ukawa

(1.17)

In the following sections, we will see that CC and NC currents are the essential theory
foundation for neutrino generation and detection process happening in ultra high energy
astrophysical neutrino phenomenon. We will also see in the next few chapters that the
alteration of the SM neutrino generation and detection process due to the adoption of various
BSM models will cause certain change in either the shape of neutrino spectrum or the amount
of neutrino high energy events and thus the corresponding experiment results could be used
to prove or constraint certain type of BSM models. In the next section, we will quickly go
through the details of neutrino production process, the neutrino interaction process for such
high energy neutrinos and give a brief introduction of their detection via large scale neutrino
detectors.
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1.2

Ultra High Energy Neutrinos

Ultra high energy neutrino flux is expected to be produced via interaction between ultra high
energy cosmic ray(UHECR) [18, 19, 20, 21, 22] and radiation or gas. These neutrinos are
ideal probe for both the mechanism of how UHECRs are formed and the interior dynamics
for the source objects due to the fact that they only interact ’weakly’. Indeed, interaction
length for the astrophysical neutrinos are much larger compared to γ photons and high energy
protons which enable neutrinos to propagate through dense intergalactic media without much
deflection and absorption.
Moreover, the ultra high energy astrophysical neutrinos, conventionally defined as Eν ≥
100 TeV, are of particular interest for many reasons, some of which are listed below as: 1. the
atmospheric background beyond 100 TeV becomes insignificant hence leaving a clean window
for detection; 2. such high energy neutrino events could be viewed as astrophysical-origin
colliding experiment events with center of mass energy much higher than the current LHC
limit, thus is able to provide rich information on BSM physics; 3. The distribution and the
spectrum of the neutrino flux will hint on the origin of the UHECR and also shed light on the
formation and evolution mechanism of energetic source objects such as AGN and supernova.

1.2.1

Generation Process

The astrophysical neutrinos are typically generated together with γ ray photons from the decay
of charged and neutral mesons produced by either proton-proton collisions or proton-photon
interaction. The astrophysical proton-proton interaction between the protons in CR and the
surrounding interstellar medium, which typically happens for sources like star-burst galaxies
[23] and galaxy clusters [24] or galaxy groups, is highly resemblance to the beam-dump hadron
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Figure 1.1: A cartoon describing the UHE astrophysical neutrino generation processes. On
the left penal we show the astrophysical beam dump process (pp) and on the right the
photon-hadronic production process (pγ).
process of a fixed-target accelerator experiment, so it is also referred to as astrophysical beam
dump mechanism[25]. As we could see from the cartoon in the left panel of Fig 1.1, the
process happens as:
p + p → π + , π − , π 0 , ...

(1.18)

where π + , π − and π 0 are generally assumed to be of equal amount with higher mass mesons
and baryons omitted. As we could see from the cartoon in the right panel of Fig 1.1,
pions could also be produced from the proton-photon interaction, known as photon-hadronic
production via ∆+ resonance:
p + γ → ∆+ → π 0 + p
→ π+ + n

(1.19)

These process happens more often for sources like γ-ray bursts (GRB) [26, 27, 28, 29], active
galactic nuclei(AGN) [30] such as blazars [31] and radio galaxies [32] or supernovae remnants
10

[33]. After the mesons are created, the charge pions will decay as:
π + → νµ + µ +
→ νµ + ν̄µ + νe + e+

(1.20)

while π 0 → γγ. Typically, the resulting neutrinos will have roughly a few percent of the
proton’s energy. For UHECR generated further than 30 Mpc, there is a maximum energy
constraint due to interaction between the protons in the CR with the CMB photons. Such
mechanism is called the GZK cutoff [34], which setup the maximum energy for the UHECR
at around 50 EeV (1 EeV = 109 GeV). As a result, the maximum energy for the cosmic
neutrino is also bounded and the maximum value should be around a few EeV.
Flavor Composition
As for the flavor composition ratio of the astrophysical neutrinos, for pp interactions,
pp → Xπ ± ,

π + → µ+ νµ → e+ νe ν̄µ νµ ,

π − → µ− ν̄µ → e− ν̄e νµ ν̄µ ,

(1.21)

(where X stands for other hadrons) leading to the source flavor composition of

(νe : νµ : ντ : ν̄e : ν̄µ : ν̄τ )S =




1 1
1 1
: :0: : :0 .
6 3
6 3

(1.22)

For pγ interactions, we could have either the direct production pγ → Xπ ± leading to the
same flavor ratio as Eq. (1.22) or the resonant production

pγ → ∆+



 pπ 0 → pγγ
→
,

 nπ + → nµ+ νµ → ne+ νe ν̄µ νµ
11

(1.23)

leading to the source flavor composition of

(νe : νµ : ντ : ν̄e : ν̄µ : ν̄τ )S =




1 1
1
: :0:0: :0 .
3 3
3

(1.24)

The main difference here is that at the ∆+ -resonance, pγ interactions produce only π + and
no π − , which results in only νe and no ν̄e production. This is one way to explain the absence
(or suppression1 ) of the Glashow resonance ν̄e e− → W − at Eν ' m2W /2me ' 6.3 PeV [35], if
this feature in the current data persists with more statistics.
Note that in both pp and pγ cases, the electron (anti)neutrinos are produced from muon
decays. Since the rest-frame lifetime of muons, τµ = 2.2 × 10−6 sec, is about 85 times larger
than that of charged pions, τπ± = 2.6 × 10−8 sec, it is possible that the muons in the decay
chain of Eq. (1.21) or Eq. (1.23) rapidly lose energy in the source environment, e.g. due
to synchrotron radiation in a strong magnetic field or by multiple scattering in the dense
astrophysical medium, before decaying [36, 37, 38]. In this muon-damped source environment,
the source flavor compositions in Eqs. (1.22) and (1.24) respectively become

(νe : νµ : ντ : ν̄e : ν̄µ : ν̄τ )S




 0: 1 :0:0: 1 :0
2
2
=

 (0 : 1 : 0 : 0 : 0 : 0)

(pp)

.

(1.25)

(pγ)

Note that in this case also, no electron antineutrinos are produced (for both pp and pγ
sources), and this is another way to explain the absence of events in the Glashow bin.
A small amount of π − can be produced either from the multi-pion process pγ → nπ − + Xπ + π − , or from
the back-reaction process nγ → pπ − , depending on the optical depth of the source. The presence of free
neutrons could also give rise to additional ν̄e ’s from the β-decay process n → pe− ν̄e , either inside or outside
the source environment depending on the free neutron energy. For such decay, however, the ν̄e carries on
average 0.1% of the parent neutron energy, so to produce the Glashow resonance, the original proton energy
must be in the EeV range corresponding to a very small CR flux.
1
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Thus, due to the different property of the source object, the neutrino flux could have mainly
two different flavor compositions at the source (we named them the normal source and the µdamped source). But these flavor compositions are not exactly what will be detected on Earth
due to the fact that after escaping the source environment, the individual neutrino flavors
undergo vacuum oscillations over cosmic distances before reaching the detector on Earth.
Therefore, given a flavor ratio f`,S of the neutrino species ν` at source, the corresponding
value f`,⊕ on Earth is given by

f`,⊕ =

3
X X

`0 =e,µ,τ i=1

|U`i |2 |U`0 i |2 f`0 ,S ≡

X

P``0 f`0 ,S ,

(1.26)

`0

where U`i are the elements of the PMNS mixing matrix and P``0 is the vacuum oscillation
probability for ν` → ν`0 . Due to the detection mechanism that will be discussed later, the
IceCube detector cannot distinguish neutrinos from antineutrinos (except for the Glashow
resonance or when the matter effects are important), thus we simply sum over the per flavor
neutrino and antineutrino fluxes at the detector. Using Eq. (1.26) and taking the current
bestfit values of the 3-neutrino oscillation parameters [39], we get the corresponding flavor
composition ratios on Earth:


 (1 : 1 : 1)⊕ for (1 : 2 : 0)S
(νe + ν̄e ) : (νµ + ν̄µ ) : (ντ + ν̄τ ) =

 (4 : 7 : 7)⊕ for (0 : 1 : 0)S
which is valid for both pp and pγ sources.
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normal source

,

µ − damped source
(1.27)

1.2.2

Neutrino Interaction

Neutrino-Nucleon Interaction
The most general way to detect an incoming neutrino is via neutrino-nucleon interaction.
The charged current(CC) corresponding to a t-channel W exchange between the lepton and
the quark generally take the form of:
(1.28)

ν` + N → l− + anything

where N = (n + p)/2 is an average nucleon between proton and neutron. Due to the high
neutrino energy, the nucleus could be approximately treated as a bunch of separate neutrons
and the interaction is happening between the high energy incoming neutrino with the certain
neutron. As suggested by the parton model [40], the interaction could be further simplified
as neutrino interacting with the valence and sea quarks inside the nucleon with a distribution
function describing the probability of finding certain quark. Thus, the differential cross
section for the inclusive process is given by [41] as:
d2 σCC
2G2F M Eν
=
dxdy
π



m2W
Q2 + m2W

2



xq(x, Q2 ) + xq̄(x, Q2 )(1 − y)2



(1.29)

where −Q2 is the momentum transfer between incoming neutrino and outgoing lepton, x, y
are the Bjorken scaling variables [42] defined as x = Q2 /2M (Eν − E` ), y = (Eν − E` )/Eν ,
M are nucleon mass and W-boson mass. GF =

2

√g
4 2m2W

= 1.16632 × 10−5 GeV−2 is the

Fermi constant. q(x, Q2 ) and q̄(x, Q2 ) are the quark and anti-quark distribution function.
2

G m2
Notice that the weak interaction matrix element is manifested as the Q2F+mW2
factor which
W

correspond to the W-boson propagator

1
Q2 +m2W
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and two weak coupling vertex g 2 .

Similarly, neutral current(NC) interaction could also happen as:

ν` + N → ν` + N.

(1.30)

Notice that under SM, this process is dominant by elastic scattering and will not change the
flavor of lepton and quark due to the diagonal property of neutral current operator. This is
no longer true if we consider beyond SM physics and we will go through some of the scenarios
in details in the following chapters. For now, under SM, the inclusive cross section for NC
could be written as:
G2 M Eν
d2 σ N C
= F
dxdy
2π



MZ2
Q2 + MZ2

2


 0
xq (x, Q2 ) + xq̄ 0 (x, Q2 )(1 − y)2

(1.31)

where q 0 and q̄ 0 are linear combination of the parton distribution function with the neutral
current couplings (cL , cR for up-type or down-type quarks) as factors. Details of these parton
distribution function could be found in Eq.11 and 12 of [41]. After integrating over the
Bjorken variables, x ∈ [0, 1] and y ∈ [0, 1], we could get a total cross section as function
of Eν . With Eν = 106 GeV, σCC ∼ 0.6 × 10−33 cm2 and σN C ∼ 0.25 × 10−33 cm2 while at
Eν = 109 GeV level, cross section will increase to around 10−31 cm2 as expected.
Neutrino-Electron Interaction
Cross section between neutrino-electron interaction is typically small compared with νN
interaction except when an incoming ν̄e have energy around Eν ∼ 6.3 × 106 GeV. In this
rare case, a W boson resonance(the Glashow resonance[43]) will occur:
ν̄e + e− → W − → anything
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(1.32)

Figure 1.2: νN vs ν̄e e Glashow resonance cross section comparison; red solid and dashed line
correspond to νN and ν̄N CC interaction cross section; blue solid and dashed line correspond
to νN and ν̄N NC interaction cross section; black curve corresponds to the Glashow resonance
peak with maximum taken at 6.3 PeV.
due to the center of mass energy s = 2me Eν = m2W at this energy level. The cross section
near the resonance peak could be approximately expressed by a Breit-Wigner distribution as:
σGlashow (s) = 24 π Γ2W BR(W − → ν̄e e− ) BR(W − → had) ×

s/m2W
(1.33)
(s − m2W )2 + (mW ΓW )2

where ΓW is the total width of W boson with BR(W − → ν̄e e− ) = 10.7% and BR(W − →
max
had = 67.4% [44]. The cross section at resonance is σGlashow
= 3.4 × 10−31 cm2 , more than

100 times larger than σνN ∼ 10−33 cm2 in the same energy range. A comparison is shown in
Fig 1.2 where we can clearly see the dominance of Glashow resonance over the νN interaction
around the peak. Therefore, when we consider the cosmic neutrino flux, ν̄e component need
to be treated differently from other components.
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1.2.3

Detection

To detect astrophysical neutrino signals, the most reliable way nowadays is to look for the
Cherenkov light emitted by the charged particles resulting from the CC or NC interaction
between the high energy neutrinos with the detector medium or surrounding matter. Two
different patterns of events, track event and shower event, could be distinguished in a large
volume neutrino detector as shown in Fig 1.3. Track events are typically produced by passage

Figure 1.3: IceCube HESE cascade and track event configurations. The left panel is the
cascade event and the right panel is the track event. Figures reproduced from [45, 46]

of high energy muons, which have stronger penetration power due to longer interaction length
and longer life-time in lab frame when having high energy. Shower events, on the other hand,
are generated for all kind of CC and NC interactions with all flavors. However, shower events
for muon neutrinos are not frequently observed because the CC interaction for muon neutrinos
typically happens out of the detector volume. Thus empirically people consider shower events
to be more likely coming from νe and ντ CC interaction. For electron neutrinos, due to the
small interaction length for electrons, both EM and hadronic shower will occur altogether.
For tau neutrinos, a unique double bang signature is expected because tau particle produced
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in the first CC interaction together with a first hadronic shower will quickly decay causing
another hadronic shower.
One example of the currently operating large scale neutrino detector is the IceCube detector
[47, 48, 49, 50, 51], which is a km3 scale neutrino detector located at South Pole with a cubic
kilometer of highly transparent Antarctic ice as its detector media. The detector is formed by
an array of 5160 Digital Optical Modules(DOMs) aligning on 86 strings locating 1.5-2.5 km
below the surface. The DOMs will detect the optical signals from the Cherenkov radiation
and the event reconstruction is done based on the time and intensity information from the
propagating light signals detected by multiple DOMs.
Another example of neutrino detector is the Antarctic Impulsive Transient Antenna (ANITA)
[52, 53], which is a balloon detector based on the radio Cherenkov technique, also known
as Askaryan effect [54]. This effect, first pointed out by Askaryan and later proved in 2001
at SLAC [55], describes the phenomenon that a negative charge asymmetry will be formed
during a shower cascade and this negative shower bunch moving relativistically across the
dielectric media will emit powerful Cherenkov radiation in cm-to-m wavelength regime. Thus,
by taking advantage of the Askaryan effect and focusing on detecting radio signal instead of
optical signal as most large scale Cherenkov detectors are designed, ANITA could target at
the GZK neutrinos with energy above 100 PeV, at least 10 times higher than the upper limit
for IceCube.

1.3

Organization of the Dissertation

In this dissertation, we capitalize on the new window of opportunity provided by the recent
observation of ultra-high energy neutrinos to develop novel probes of BSM physics.
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In chapter 2, we start our quest for BSM physics by exploring the possibility of a twocomponent neutrino flux model with one of the component being the dominant power law
while the other component motivated from either astrophysical sources or due to a beyond
Standard Model contribution such as the decay of heavy fermionic dark matter. For the
astrophysical components, different flavor compositions corresponding to standard pion decay
and muon-damped pion decay sources are taken into consideration. The proposed twocomponent neutrino flux model is reconstructed and compared with IceCube HESE 6-year
data and IceCube 8-year thoroughgoing muon data [51].
In chapter 3, we proposed a new way to probe neutrino non-standard interactions (NSI)
involving a leptophilic scalar mediator with UHE neutrino data. This new method is based on
the fact that the light charged scalar mediators, typically around 100 GeV, will result in new
Glashow-like resonance between electron and anti-neutrinos thus giving a clear excess over SM
in the related energy interval. The Zee model of radiative neutrino mass generation is studied
as a prototype and we find that IceCube-Gen2 [56] could provide enough sensitivity to probe
such a Glashow-like spectrum pattern for the Zee model and provide a good complimentary
test for NSI parameter space.
In chapter 4, we turn our eyes on even more energetic neutrino events detected by ANITA.
We studied the R-parity violating super-symmetry framework (RPV) [57] and proposed that,
through EeV neutrino’s interaction with electron/quark, a TeV-scale slepton/squark can be
resonantly produced which then decayed to a GeV-scale bino particle that could provide
an interpretation for the unexpected penetrating ability of the EeV neutrinos hinted by the
ANITA upgoing anomalous events.
In chapter 5, we broaden our interest in the BSM electroweak sector and studied the lepton
flavor universality violation in both CC and NC rare decays under a special scenario, called
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RPV3, of the RPV framework that has a light third-generation superpartners and showed
that under RPV3, the long standing RD(∗) and RK (∗) flavor anomalies could be addressed
together along with the (g − 2)µ discrepancy and the ANITA upgoing anomalous events.
Three different benchmark points of the RPV3 parameter space are analyzed and we are
surprised to find overlap regions, where all (or some) of the very different anomalies could
be simultaneously explained. The ability of the RPV3 to explained various anomalies that
live in totally different energy ranges (from MeV to EeV) not only hinted the outstanding
underlying potential for the RPV-SUSY but also provided more testability compared to other
BSM models.
Then we wrap up and summarize the important role played by the ultra high energy neutrino
physics in BSM physics studies and conclude in chapter 6.
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Chapter 2
Two-component Neutrino Flux Model
and Dark Matter Decay

This chapter is based on my work with P.S. Bhupal Dev, [58].
©2018 IOP Publishing Ltd and Sissa Medialab.

2.1

Background and Motivation

The observation of ultra-high energy (UHE) neutrino events at the IceCube neutrino observatory [47, 48, 49, 50, 51] has commenced a new era in Neutrino Astrophysics [59]. In the 6
years of published data [51], IceCube has reported 82 high-energy starting events (HESE), i.e.
events with the neutrino interaction vertex contained in the IceCube fiducial detector volume.
These include 22 track events generated in νµ -nucleon (and from a minority of ντ -nucleon)
charged-current interactions, 58 shower events (either electromagnetic or hadronic) generated
in both νe and ντ charged-current as well as neutral-current interactions of any flavor, and
2 coincident events from unrelated cosmic ray (CR) air showers (that have been excluded
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from the analysis). Altogether, the 6-year HESE constitute > 7σ excess over the expected
atmospheric background of 25.2 ± 7.3 muons and 15.6+11.4
−3.9 neutrinos, thus clearly pointing
toward an extraterrestrial origin. Despite numerous searches by both IceCube [60, 61] and
ANTARES [62], the sources of these UHE neutrinos remain to be discovered. According to
some recent studies [63, 64, 65, 66], only a small fraction (< 14% at 90% CL) of these events
could be attributed to a galactic origin; therefore, most of the HESE must be extragalactic
in nature. Moreover, no significant spatial clustering of the events was found [51, 67] and
the current data seems to be consistent with a diffuse isotropic neutrino flux from either
uniformly distributed unresolved point sources or spatially extended sources. There is also no
significant correlation of the IceCube events with the arrival direction of UHECRs detected
from the Pierre Auger or the Telescope Array [68].
There are two conventional production mechanisms for diffuse astrophysical neutrinos from
interactions of the CR protons and nuclei with the background gas or radiation present in
a dense astrophysical environment, i.e. (i) hadro-nuclear production by inelastic pp (or np)
scattering in CR reservoirs like starburst galaxies and galaxy clusters/groups, where neutrinos
are produced while they are confined within the environment surrounding the CR source, and
(ii) photo-hadronic production by pγ scattering in CR accelerators like gamma-ray bursts,
active galactic nuclei, radio galaxies, blazars, supernovae/hypernovae remnants and tidal
disruption events, where neutrinos are produced within the CR source; see e.g. Refs. [69, 70,
71] for recent reviews. Both pp and pγ sources produce a large amount of secondary charged
pions and kaons, which subsequently undergo weak decays to produce neutrinos. Under
this assumption, the neutrino+antineutrino flux at the source is expected to be distributed
between the three neutrino flavors as [(νe + ν̄e ) : (νµ + ν̄µ ) : (ντ + ν̄τ )]S = (1 : 2 : 0). Once
emitted, they undergo vacuum oscillations over cosmic distances to produce equipartition
in the three flavors (assuming tri-bi-maximal mixing) on their arrival at Earth: [(νe + ν̄e ) :
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(νµ + ν̄µ ) : (ντ + ν̄τ )]⊕ = (1 : 1 : 1) [72]. The neutrino energies are related to the progenitor
CR energies and the arrival direction of these neutrinos point back straight to their sources
since neutrinos are neither deflected by magnetic fields unlike charged CRs nor absorbed by
opaque matter unlike photons. Therefore, understanding the UHE neutrinos might provide
new insights into the age-old problem of the origin and acceleration mechanism of UHECRs.
To a first approximation, the astrophysical neutrino flux can be described by an unbroken
isotropic power-law spectrum

Φ(Eν ) = Φ0



Eν
100 TeV

−γ

(2.1)

.

Using the (1 : 1 : 1)⊕ flavor composition and the deposited energy range of 60 TeV to 10
PeV, the 6-year HESE bestfit for the flux normalization (per flavor) and spectral index are
respectively [51]
Φ0 = (2.46 ± 0.8) × 10−18 GeV−1 cm−2 s−1 sr−1 ,

γ = 2.92+0.29
−0.33 .

(2.2)

This fit, however, suffers from a number of issues:

(i) Fermi Shock Model: The HESE spectrum is much softer than the theoretical prediction
of γ = 2 [28] from first-order Fermi diffusive shock acceleration mechanism [73, 74]
(which may at most go up to γ = 2.5 [75]); see Refs. [76, 77] for reviews. In fact, the
current bestfit γ is softer compared to previous IceCube results [48, 49, 50], because all
of the HESE in the last two years have energies below 200 TeV. Moreover, lowering the
energy threshold to 10 TeV hardens the spectral index to 2.50 ± 0.09 [78], which still
disfavors the E −2 spectrum at 3.8σ.
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(ii) Throughgoing Muons: The HESE spectral index is also incompatible with the IceCube
8-year throughgoing (TG) muon sample [51]. The TG muons come from muon neutrinos
interacting outside the detector volume. In order to avoid the atmospheric background,
the field of view is restricted to the Northern hemisphere (upward going events for
IceCube) such that the atmospheric muons are absorbed in Earth. The sensitive
energy range above which an extraterrestrial neutrino flux can be detected is about 200
TeV. The 8-year data sample contains almost 1000 extraterrestrial neutrinos above 10
TeV, which constitutes 6.7σ significance over the atmospheric-only hypothesis. When
modeled as an isotropic power-law flux given by Eq. (2.1), this yields the bestfit of [51]
−18
Φ0,µ = (1.01+0.26
GeV−1 cm−2 s−1 sr−1 ,
−0.23 ) × 10

γ = 2.19 ± 0.1 ,

(2.3)

which suggests a harder spectrum close to the theoretically preferred E −2 . The spectral
discrepancy between the HESE and TG datasets is approximately at 3σ level, cf. (2.2)
and (2.3).
(iii) Gamma-ray Constraint: Both pp and pγ interactions lead to the production of charged
and neutral pions. While the charged pions decay to give neutrinos, the neutral pions
decay to give photons, which contribute to the high-energy diffuse gamma-ray spectrum
in the TeV to PeV range and above2 . Since the gamma-ray and neutrino energies are
related [27, 79, 80], the observed extraterrestrial neutrino flux leads to a calculable
prediction of the gamma-ray flux; see Ref. [21] for a review on the multi-messenger
approach to UHE neutrinos. A comparison with the experimental upper limits on the
all-sky diffuse gamma-ray flux seems to disfavor the single-component bestfit given by
Eq. (2.2). See Section 2.4 for more details.
2

Very high-energy gamma-rays cascade against the infrared and microwave extragalactic background light
(EBL), and could easily end up in the currently accessible energy range
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These issues have led us to question the single power-law hypothesis (2.1) and instead entertain
the possibility of a break in the neutrino spectrum [81, 82, 83, 84, 85, 86, 87, 88], analogous
to (and may be corresponding to [89, 90, 91, 92, 88]) the break in the CR spectrum [93].
A two-component flux can arise either from (a) purely astrophysical sources, such as one
galactic and one extragalactic component [94, 95, 84, 63, 88], or (b) due to a some beyond
Standard Model (SM) contribution to the astrophysical neutrino flux, e.g. from heavy dark
matter (DM) decay [96, 97, 98, 99, 100, 101, 102, 103, 104, 105, 106, 107, 108, 109, 110, 111,
112]. For specific model examples of decaying heavy DM, see e.g. Refs. [113, 114, 115, 116,
117, 118, 119, 120, 121, 122, 123, 124]. The decaying heavy DM interpretation was initially
invoked to explain the mild excess in the PeV energy range and the lack of events in the
multi-PeV range, especially near the Glashow resonance of 6.3 PeV [35, 125, 126]. However,
after the publication of the TG data sample with one event at (2.6 ± 0.3) PeV deposited
energy which corresponds to 8.7 PeV median expected muon neutrino energy [127], the PeV
DM hypothesis seems less favored. On the other hand, the attention has now shifted to the
40-200 TeV region of the HESE data sample, which exhibits a ∼ 2σ excess, with respect to a
single power-law with γ = 2 [108, 109, 110].3 This becomes an important feature if one wants
to simultaneously explain the HESE and TG data samples, because the TG data prefers a
hard spectrum close to E −2 , cf. Eq. (2.3).
In this chapter, we make a comparative study of the two-component hypothesis for the
purely astrophysical and astrophysical+DM scenarios. For the flavor composition ratio of
the astrophysical neutrinos at the source, we consider the canonical (1 : 2 : 0), as well as
the muon-damped (0 : 1 : 0) case. For the DM-induced component, we assume a simplified
fermionic DM model with a direct Yukawa coupling to the neutrinos. A statistical likelihood
3

It is interesting to note that the ANTARES 9-year shower data [128] also exhibits a slight excess in the
same energy range, although the overall significance of their events with respect to the expected atmospheric
background is below 2σ.
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analysis is performed with the combined IceCube 6-year HESE and 8-year TG data sets [51].
We find that

(i) For the purely astrophysical two-component flux, the current data prefers a low-energy
component of the form e−E/Ec with a cut-off around Ec ∼ 100 TeV and a ∼ E −2
high-energy component without any cut-off.
(ii) For the astrophysical+DM case, the single-unbroken power-law flux in Eq. (2.1) with
γ = 2 is consistent with the data, if augmented by a low-energy component from DM
decay. For the example DM model we have considered, the bestfit values of the DM
+12.7
28
mass and lifetime turn out to be MDM = 315+335
−125 TeV and τDM = 6.3−2.3 × 10 sec,

respectively, which are consistent with existing cosmological constraints on decaying
DM.
(iii) As for the astrophysical neutrino flavor composition at source, the goodness of fit for
the (0 : 1 : 0) case is slightly better than the (1 : 2 : 0) case for both astrophysical and
astrophysical+DM scenarios. This is mainly due to the absence of shower events in the
Glashow bin and the presence of two TG muon events in the multi-PeV range, which
favors a larger muon-neutrino flux compared to the electron (or tau)-neutrino flux.
(iv) Between the purely astrophysical and astrophysical+DM cases, the goodness of fit is
slightly better for the latter case. This is mainly due to the 2σ excess in the 100 TeV
bin of HESE data.
(v) Our bestfit prediction of the integrated gamma-ray flux for the astrophysical+DM case
is consistent with the current experimental upper bound in both pp and pγ scenarios.
The corresponding bestfit prediction for the purely astrophysical two-component case
is also consistent with the gamma-ray flux limit, but on the verge of being excluded.
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On the other hand, the bestfit single-component astrophysical case is clearly excluded
by the gamma-ray constraint.
The rest of the chapter is organized as follows: in Section 2.2, we analyze a purely astrophysical
two-component flux; in Section 2.3, we assume one of the components as coming from DM
decay; in Section 2.4, we discuss the multi-messenger constraints from gamma-rays. Our
conclusions are given in Section 2.5.

2.2

Two-component Astrophysical Spectrum

The possibility of having multiple components for the astrophysical neutrino flux, rather
than having a single component as in Eq. (2.1), seems quite plausible, given the fact that
despite a large number of searches for the origin of the IceCube events, no point sources have
been identified so far. Galactic sources cannot contribute more than a few % to the total
flux [63, 64, 65, 66]. Even for the extragalactic contribution, although there exist several
candidates [69, 70, 71], none of them seems to be able to explain all of the IceCube events,
while being consistent with the multi-messenger constraints from gamma-rays. In particular,
prompt emission from triggered gamma-ray bursts are strongly constrained to < 1% of the
total flux [60]. Blazars are constrained to contribute less than 27% of the flux for E −2.5 (or
50% for E −2.2 ) [129]. Similarly, the contribution of star-forming galaxies can be at most 22%
in order to satisfy the Fermi-LAT extragalactic background [130, 131]. Therefore, it is natural
to expect that a combination of more than one kind of sources, and hence, a multi-component
flux, might be responsible for the IceCube events.
Here we will consider a simple two-component flux [81]:

Φ(Eν ) = Φ10



Eν
100 TeV

−γ1

−Eν /Ec

e
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+ Φ20



Eν
100 TeV

−γ2

,

(2.4)

where the second component is similar to the single-component power-law in Eq. (2.1), while
the first component has an exponential cut-off energy scale Ec . The spectral break (γ1 6= γ2 )
could arise, for instance, in some astrophysical models due to a steepening of the CR diffusion
coefficient [132, 79, 133, 134]. Similarly, the exponential cut-off could be understood as due
to the presence of a spectral resonance, as e.g. in pγ → ∆+ , or due to an intrinsic dissipative
source cut-off such as gamma-ray bursts [135, 136, 137]. The exact value of the energy cut-off
in the neutrino spectrum is unknown, although correlating it to the corresponding knee of
the CR spectrum at about 3 PeV for protons, one would obtain Ec ' 150 TeV, assuming that
the proton component dominates the neutrino production and considering that the average
neutrino energy is roughly 5% of the primary proton energy [138]. In our model-independent
approach, we will treat Ec as a free parameter, along with the spectral indices γ1 , γ2 and
the flux normalizations Φ10 , Φ20 , and derive their bestfit values from a statistical likelihood
analysis of the combined HESE and TG data samples from IceCube.
As we mentioned in the Section 1.2.1, neutrino fluxes coming from astrophysical objects may
have two different flavor compositions, the normal or the µ-damped. In what follows, we
will consider these two possibilities, both of which are consistent with the current IceCube
data at 3σ [51].4 So we modify Eq. (2.4) to include the possibility of having different flavor
compositions for the two components:

Φν` (Eν ) = f1,` Φ10



Eν
100 TeV

−γ1

−Eν /Ec

e

+ f2,` Φ20



Eν
100 TeV

−γ2

,

(2.5)

where f1,` and f2,` are the flavor composition factors on Earth given by Eq. (1.26) for a known
flavor factor f`,S at the source.
4

Another possibility, namely, a neutron-rich source giving rise to (1 : 0 : 0) flux at source which becomes
(5 : 2 : 2) on Earth is now ruled out at > 3σ CL [51].
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2.2.1

Likelihood Analysis

We use the two-component flux given by Eq. (2.4) with five free parameters, namely, the
cut-off energy Ec , the spectral indices γ1,2 and the flux normalizations Φ10 ,20 , to calculate
both HESE and TG event spectra at IceCube. We then perform a statistical likelihood
analysis with the combined 6-year HESE and 8-year TG data samples to find the bestfit
values of these five parameters.
Given the astrophysical neutrino flux (2.4), the total number of expected HESE in each
deposited energy bin can be calculated using
NiHESE

=

Z

dΩ

Z

Ei,max

Ei,min

dE

X

`=e,µ,τ

Φν` (E) · T · Aν` (E, Ω) ,

(2.6)

where Ω is the solid angle of coverage, T is the exposure time (equal to 2078 days for
the 6-year HESE data), and Aν` is the effective area per energy per solid angle for the
neutrino flavor ν` [48, 51], assuming SM neutrino-nucleon scattering cross section. E is
the electromagnetic-equivalent deposited energy, which is always smaller than the incoming
neutrino energy Eν in the laboratory frame by a factor depending on Eν and the type of
interaction [139, 140, 141, 142, 88]. Based on the numerical data provided in Ref. [88], we
obtain a linear relation between the deposited energy E and the average value of actual
energy Eν (both in GeV units) valid in the range of 10 TeV - 10 PeV deposited energy:

Eν =





34.4 GeV + 1.105 E


 −104.4 GeV + 3.745 E

(shower)

.

(2.7)

(track)

In Eq. (2.6), the limits of the energy integration Ei,min and Ei,max give the size of the ith
deposited energy bin over which the expected number of events is being calculated. Note
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that for an isotropic flux (as assumed here), the flux Φν` given by Eq. (2.5) does not depend
on the solid angle.
For the TG events, the corresponding expected number of events in the ith energy bin is
given by
NiTG

=

Z

dΩ

Z

Ei,max

dE

Ei,min

X

`=e,µ,τ

Φν` (E) · Fν` (E, Ω) ,

(2.8)

which is similar to Eq. (2.6), but with the T · Aν` (E, Ω) factor replaced by the exposure
function Fν` (E, Ω) as given for the 8-year TG data sample [51]. On the other hand, the
energy reconstruction from the deposited energy to the incoming neutrino energy for the TG
events is highly nontrivial and has a large uncertainty [141, 88]; so we just use the median
value of the reconstructed energy as given by the IceCube collaboration [51] in Eq (2.8).
Similar to the νe case, we assume a linear relation between the median energy and the real
energy, which however varies from bin to bin and cannot be expressed in a simple universal
form like Eq. (2.7).
After we obtain the expected signal events Nastro,i from astrophysical neutrinos using Eq. (2.6)
for HESE and Eq. (2.8) for TG events, we add the corresponding background expectations
Natm,i as given by the IceCube collaboration [51] to obtain the total number of events in the
ith energy bin, i.e.
Ntot,i = Nastro,i + Natm,i .

(2.9)

To compare the reconstructed events bin by bin with the observed HESE and TG data, we
do a combined goodness of fit test with the parameter set θ = {Φ10 , Φ20 , γ1 , γ2 , Ec }. Our test

30

statistic (TS) is chosen as
TS = −2 ln[λ(θ)HESE · λ(θ)TG ] = 2

imax 
X

HESE
(θ)
Ntot,i

i=1
jmax

+2

X
j=1

"

−

nHESE
i

+

TG
+ nTG
(θ) − nTG
Ntot,j
j
j



nHESE
i
ln
HESE
Ntot,i
(θ)
!#
nTG
j
ln
TG
Ntot,j (θ)

nHESE
i



(2.10)

where nHESE
and nTG
are the number of HESE and TG events as reported by IceCube in
i
j
HESE
TG
the ith and jth energy bin, respectively. We assume that Ntot,i
and Ntot,i
each follows

a Poissonian distribution, and hence, the TS follows a χ2 -distribution, which is then used
to infer the 2σ and 3σ-preferred regions of the θ-parameter space. Note that the binning
for HESE and TG events is done differently by IceCube and we have treated the datasets
accordingly.

2.2.2

Fit Results

As mentioned in Section 1.2.1, we consider two possibilities for the flavor compositions of the
astrophysical neutrino flux, cf. Eq. (1.27). Thus, for our two-component flux, there are four
distinct combinations, where each component can have either (1 : 1 : 1) or (4 : 7 : 7) on Earth.
In what follows, we show the fit results for two cases, namely, with the low-energy (1st)
component being (1 : 1 : 1) while the high-energy (2nd) component being either (1 : 1 : 1) or
(4 : 7 : 7). As we will show below, the 1st component makes a sub-dominant contribution to
the overall fit; therefore, the remaining two cases with the 1st component being (4 : 7 : 7)
yield practically the same results as those shown here.
We perform the joint likelihood analysis following the procedure outlined in Section 2.2.1
and construct the test statistics using Eq. (2.10). The bestfit values of the five parameters
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{Φ10 , Φ20 , γ1 , γ2 , Ec }, along with the corresponding TS per degree of freedom (dof) are shown
in Table 2.1 for the two cases mentioned above. In Figure 2.1, we show the allowed ranges in
the (Φ10 , γ1 ) and (Φ20 , γ2 ) planes for both these cases. Here we have fixed the value of Ec at
the bestfit value given in Table 2.1 for each case. The 3σ-preferred ranges are shown by the
dashed contours, while in Figure 2.1 (c) and (d), the 2σ range can also be seen by the solid
contours. The theoretically preferred value of γ = 2 is shown by the horizontal dashed line.

1st Comp.
(1 : 1 : 1)
(1 : 1 : 1)

2nd Comp.
(1 : 1 : 1)
(4 : 7 : 7)

Φ10
0.01
17.18

Φ20
γ1
2.21 1.47×10−4
0.88 3.19×10−10

γ2 Ec /100 TeV
2.08
0.10
1.83
0.50

TS/dof
1.91
1.48

Table 2.1: Bestfit results for the two-component astrophysical neutrino flux, cf. Eq. (2.5).
Here Φ10 and Φ20 are in units of 10−18 /(GeV sr s cm2 ).

For the (1 : 1 : 1) + (1 : 1 : 1) case, we see from Figure 2.1 (a) that the bestfit values of
both the parameters of the first component (φ10 , γ1 ) are closer to zero, which means the
first component is basically not contributing to the events at all. Therefore, this fit actually
becomes a ‘one-component fit’ with Φ0 ' 2.2 × 10−18 (GeV sr s cm2 )−1 and γ ' 2.1, as shown
in the first row of Table 2.1. Note that this is slightly different from the two-component fit
given by the IceCube collaboration [51], because they fix the high-energy component to be
the TG bestfit as a prior, whereas we treat both components as free parameters in our fit.
In any case, our bestfit value of γ is closer to the TG-alone bestfit given by Eq. (2.3), and
not the HESE-alone bestfit given by Eq. (2.2), simply because the TG data sample is much
larger than the HESE sample, and hence, the statistics is dominated by the TG data. In
other words, we expect this fit to better explain the observed TG event spectrum, but not
the HESE spectrum.
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(a) (Φ10 , γ1 ) map for (1:1:1) + (1:1:1).

(b) (Φ20 , γ2 ) map for (1:1:1) + (1:1:1).

(c) (Φ10 , γ1 ) map for (1:1:1) + (4:7:7).

(d) (Φ20 , γ1 ) map for (1:1:1) + (4:7:7).

Figure 2.1: Preferred regions of parameter space in the (Φ10 , γ1 ) [left panels] and (Φ20 , γ1 ) [right
panels] planes for the two-component astrophysical neutrino flux, cf. Eq. (2.5), with (1 : 1 : 1) + (1 :
1 : 1) [top panels] and (1 : 1 : 1) + (4 : 7 : 7) [bottom panels] flavor compositions. The solid (in the
bottom panels) and dashed contours show the 2σ and 3σ preferred ranges respectively, while the red
dot in each map shows the bestfit value as given in Table 2.1.

This is explicitly shown in Figure 2.2 (a) and (c), where we show the combined reconstructed
two-component event spectra with (1 : 1 : 1) + (1 : 1 : 1) for the HESE and TG data
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samples, respectively, using the bestfit values given in Table 2.1. Here the grey shaded part
is the contribution due to atmospheric background, as reported by IceCube [51] and the pink
shaded part is the total contribution (two-component astro + bkg), which is essentially the
contribution from the second component (yellow shaded) plus the atmospheric background.
Note that here the first component is vanishingly small [cf. Table 2.1], so there is no green
shaded region. The dashed blue curves in Figure 2.2 (a) and (c) are for the one-component
HESE-alone bestfit [cf. Eq. (2.2)] and TG-alone bestfit [cf. Eq. (2.3)], respectively. The
IceCube data points for 6-year HESE and 8-year TG samples are also shown. It is clear that
our two-component flux with (1 : 1 : 1) + (1 : 1 : 1) is a good fit to the TG data (essentially
same as the one-component fit), but not to the HESE data, especially in the low-energy bins.
This is due to the harder spectral index in our case, compared to Eq. (2.2).
For the (1 : 1 : 1) + (4 : 7 : 7) case, we see from Figure 2.1 (c) that for the first component,
the bestfit spectral-index is still close to zero, while the flux normalization is no longer small,
which means the first component does contribute to the event reconstruction at lower energies
and exponentially dies off at higher energies. This can be easily seen from Figure 2.2 (b)
and (d) where the green shaded region represents the contribution from the first component.
The corresponding bestfit parameter values are given in Table 2.1 last row. Note that here
the spectral index for the second component is even harder, cf. Figure 2.1 (d), but still it
provides a better overall fit to both HESE and TG data, as can be seen by the lower value
of TS/dof, as compared to the (1 : 1 : 1) + (1 : 1 : 1) case. This is because a harder flux
provides a better fit to the high-energy bins, while the non-negligible contribution from the
first component, along with the second component, provides a better fit to the low-energy
bins. Thus, we conclude from this section that the (1 : 1 : 1) + (4 : 7 : 7) case is slightly
preferred over the (1 : 1 : 1) + (1 : 1 : 1) case for the purely astrophysical two-component flux,
and we hope that with more statistics, one could clearly distinguish these from each other.
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(a) Combined bestfit predictions for HESE with
(1 : 1 : 1) + (1 : 1 : 1) and comparison with the
one-component fit.

(b) Combined bestfit predictions for HESE with
(1 : 1 : 1) + (4 : 7 : 7) and comparison with the
one-component fit.

(c) Combined bestfit predictions for TG muon
events with (1 : 1 : 1)+(1 : 1 : 1) and comparison
with the one-component fit.

(d) Combined bestfit predictions for TG muon
events with (1 : 1 : 1)+(4 : 7 : 7) and comparison
with the one-component fit.

Figure 2.2: Event spectrum for the two-component bestfit reconstruction of HESE and TG data
samples. The grey shaded part is the contribution due to atmospheric background and the pink shaded
part is the total contribution (two-component astro + bkg), with the green and yellow shades the
individual contributions from first and second components respectively. In the (1 : 1 : 1) + (1 : 1 : 1)
case (left panels), the first component is vanishingly small [cf. Table 2.1], so there is no green shaded
region. The dashed blue curve in (a) and (b) is the one-component HESE-alone bestfit [cf. Eq. (2.2)],
while the dashed blue curve in (c) and (d) is the one-component TG-alone bestfit [cf. Eq. (2.3)]. The
IceCube data points for 6-year HESE and 8-year TG samples are also shown.

As for the reason why in the (1 : 1 : 1) + (1 : 1 : 1) case, the data forces upon us the
one-component model, even though we started with a two-component model, whereas in the
(1 : 1 : 1) + (4 : 7 : 7) case, it remains as a two-component model, this has to do with the
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detailed spectral features in Figure 2.2. First of all, a pp (1 : 1 : 1) high-energy component
would contribute to the Glashow bin, whereas a (4 : 7 : 7) component does not, because it
does not have an electron antineutrino component [cf. Eqs. (1.24) and (1.25)]. Thus the
absence of Glashow events in the data forces the second component to have a softer spectrum
for the (1 : 1 : 1) case, while the (4 : 7 : 7) case could still afford a harder spectrum. This is
clear from Figure 2.1 (b) and (d). Secondly, since we let the cut-off energy scale as a free
parameter, it is purely determined by the test statistics. Since a softer spectrum predicts
more events in the low-energy bins, there is no need for a separate low-energy component,
and therefore, the data prefers the first component being negligible in the (1 : 1 : 1) case.
On the other hand, for a harder spectrum, as in the (4 : 7 : 7) case, one component is not
enough to explain all the low-energy events, and that’s why, the data prefers a non-negligible
low-energy component. In the future data with more statistics, if the paucity of events in the
Glashow bin continues, it might be a strong indication of either a (4 : 7 : 7) flavor composition
(either pp or pγ) or a pγ source for the high-energy component.
In any case, for both the two-component fits shown in Figure 2.2 (a) and (b), there is a visible
∼ 2σ excess in the current HESE data. This appears as a generic feature if we attempt to
explain both HESE and TG data simultaneously. A possible particle physics explanation of
this excess is given in the following section.

2.3

A Decaying Dark Matter Component

There is overwhelming astrophysical and cosmological evidence for the existence of DM,
which constitutes 27% of the energy budget (or 85% total mass) of our universe [143]. But
the nature and properties of DM are still unknown, which are among the most important
open questions in physics. If the DM thermalizes with the SM particles in the early universe,
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there is a well-known partial wave unitarity upper bound of O(20) TeV on its mass [144,
145]. However, there exist ways to push the unitarity limit to higher DM masses, see e.g.
Refs. [146, 147, 148, 149, 150]. Moreover, the DM need not be absolutely stable and all we
require is that it must be stable on time-scales much longer than the age of the universe. In
this context, it is interesting to ask whether a heavy decaying DM could contribute to the
IceCube neutrino events. This idea has been entertained for the HESE data with a PeV-scale
DM in Refs [96, 97, 98, 99, 100, 101, 102, 103, 104, 105, 106, 107, 108, 109, 110, 111, 112], and
with a 100 TeV scale DM in Refs. [108, 109, 110]. In light of the ∼ 2σ excess in the HESE
data around 100 TeV [cf. Figure 2.2 (a) and (b)] when we attempt to simultaneously explain
the HESE and TG events, we will consider in this section the possibility of a few hundred
TeV scale DM decaying directly into neutrinos. Because of the long decay lifetime, and hence,
extremely small couplings of the DM to the SM particles, we expect such DM particles to be
non-thermally produced in the early universe, e.g. from the decay of inflaton [151, 152, 153,
154, 155], or through the freeze-in mechanism [156] to give the correct relic density.

2.3.1

A Simple Model

For concreteness, we adopt a simple model of heavy fermionic DM (χ) which directly decays to
the SM neutrinos, so that we could get potentially large contributions to the IceCube events.
Since the SM neutrinos are part of the SU (2)L doublet, the only possible renormalizable
interaction is of the form

−LY = yi L̄i φ̃χ + H.c ,

(2.11)

where φ and L are respectively the SM Higgs and lepton doublets, and φ̃ = iσ 2 φ∗ , with σ 2
being the second Pauli matrix. Together with a Majorana mass term MDM χT C −1 χ, where C
is the charge conjugation operator, the DM field resembles a right-handed neutrino in the
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Figure 2.3: DM decays to SM particles induced by the interaction Lagrangian (2.12). Since
we assume χ to be a Majorana particle, it also decays to the corresponding antiparticles with
equal probability.
seesaw model [157, 158, 159, 160, 161]. However, the cosmologically long lifetime of the DM
requires the Yukawa couplings to be extremely small: yi ∼ O(10−30 ) for PeV-scale DM [114,
100, 117, 122]; so it does not contribute significantly to the neutrino masses.
After electroweak symmetry breaking, the Yukawa Lagrangian (2.11) induces the following
couplings to the SM W , Z and Higgs bosons [162]:

− Lint = V`χ




g
g
g · MDM
+
µ
−
µ
√ Wµ χ̄ γ PL ` +
Zµ χ̄ γ PL ν` +
h χ̄PL ν` + H.c. ,
2 cos θw
2 MW
2
(2.12)

where V`χ ' yv/MDM is the χ−ν mixing term in the seesaw approximation, v is the electroweak
vacuum expectation value, g is the SU (2)L gauge coupling and θw is the weak mixing angle.
The interaction Lagrangian (2.12) induces the two-body decays χ → hν` , Zν` , W `, as shown
in Figure 2.3. For simplicity, we set all the V`χ ’s equal for different lepton flavors, i.e. the DM
decays to all neutrino flavors with the same branching ratio, and hence, the flavor composition
of the neutrinos+antineutrinos at source is (1 : 1 : 1), which after oscillation also remains
(1 : 1 : 1) on Earth [cf. Eq. (1.26)].
As we can see from Figure 2.3, high energy neutrinos are directly produced from the DM
decay to Zν and hν. Assuming MDM  MW , we would approximately have Eν ∼ MDM /2
for these primary neutrinos. Thus, to explain the E ∼ 100 TeV peak in Figure 2.2 (a) and
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(b), we need MDM ∼ 200 TeV. As we will see later, the bestfit value of MDM is within a factor
of few of this naive estimate. Note that some secondary neutrinos will also be produced from
the W and Z decays, but these will be of lesser energy than the primary ones. We include
both primary and secondary neutrinos in our numerical analysis.
In the model described above, the DM mass MDM and the effective coupling V`χ are the only
new free parameters introduced. We could trade off the parameter V`χ in favor of the total
lifetime τDM = 1/ΓDM , where ΓDM is the total decay width (in the limit MDM  MW ):
ΓDM '

M3
3g 2
|V`χ |2 DM
.
2
16π
MW

(2.13)

So our fit results will be shown in the (MDM , τDM ) plane.

2.3.2

Neutrino Flux from DM Decay

Assuming that we have the (1 : 1 : 1) neutrino flux ΦDM from DM decay as described above,
together with a single-component unbroken astrophysical power-law flux Φastro given by
Eq. (2.1), whose flavor composition could be either (1 : 1 : 1) or (4 : 7 : 7) on Earth, we
obtain an effective two-component neutrino flux:

Φtot = ΦDM + Φastro .

(2.14)

As for the DM flux, we include both galactic and extragalactic contributions:

ΦDM = ΦG + ΦEG .
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(2.15)

The Galactic contribution, averaged over all directions, is given by

ΦG =

1
4πMDM τDM

Z

dN (Eν ) dΩ(l, b)
dEν
4π

Z

∞

ds ρDM [r(s, l, b)] ,

(2.16)

0

where dN/dEν is the neutrino energy spectrum from DM decay, Ω(l, b) is the solid angle,
(s, l, b) are the galactic coordinates (l is the longitude, b is the latitude and s is the distance
to the Sun), ρDM is the DM density profile in Milky Way, for which we assume a NavarroFrenk-White (NFW) profile [163]:

ρDM (r) =

ρ0
,
(r/rs )(1 + r/rs )2

(2.17)

where ρ0 = 0.33 GeV/cm3 , rs = 20 kpc and r is the distance from a galactic source point at
location (s, l, b) to Earth:

r(s, l, b) =

q

(2.18)

2
s2 + R⊕
− 2 sR⊕ cos (b)cos (l) ,

with R⊕ = 8.5 kpc being the distance from the Sun to the galactic center. Similarly, the
extragalactic contribution, averaged over all directions, is given by

ΦEG

ΩDM · ρc
=
4π · MDM · τDM

Z

0

∞

dz dN ((1 + z)Eν )
,
H(z)
dEν

where ΩDM = 0.27, ρc = 5.5 × 10−6 GeV/cm3 and H(z) = H0
H0 = 67 km Mpc−1 s−1 , ΩΛ = 0.68 and ΩM = 0.32 [143].

p

(2.19)

ΩΛ + ΩM (1 + z)3 with

For both galactic and extragalactic fluxes, we have dN (Eν )/dEν representing the neutrino
spectrum per decay at source point, which in principle is a function of (MDM , τDM ). We
calculate the neutrino spectrum from DM decay in our model by implementing it in MADGRAPH2.6 [164] and passing the generated events through PYTHIA8.2 [165] for parton
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DM (1st comp.)
(1 : 1 : 1)
(1 : 1 : 1)

astro (2nd comp.)
(1 : 1 : 1)
(4 : 7 : 7)

Φ0
1.62
1.39

γ0 MDM (TeV)
2.00
316.23
1.97
316.23

τDM (1028 s)
6.31
6.31

TS/dof
1.38
1.37

Table 2.2: Bestfit results for the DM+astrophysical two-component neutrino flux, cf. Eq. (2.14).
Here Φ0 is in units of 10−18 /(GeV sr s cm2 ).
showering, with the electroweak radiation effects taken into consideration. We repeat this
procedure by scanning over different (MDM , τDM ) values to generate the parameter space in
the (MDM , τDM ) plane which could explain the IceCube data.

2.3.3

Fit Results

We follow the same procedure as outlined in Section 2.2.1 and obtain the test statistics using
Eq. (2.10), but now with four free parameters: θ = {MDM , τDM , Φ0 , γ0 } and with
HESE
HESE
HESE
HESE
Ntot,i
= NDM,i
+ Nastro,i
+ Natm,i
,

(2.20)

TG
and similarly for Ntot,i
. Our bestfit results, along with the corresponding TS/dof, are given in

Table 2.2 for both (1 : 1 : 1) and (4 : 7 : 7) flavor compositions for the astrophysical neutrino
flux, while for the neutrino flux coming from DM, we have assumed a simple (1 : 1 : 1) flavor
ratio. Just based on the TS/dof, both (1 : 1 : 1) and (4 : 7 : 7) cases for the astrophysical
neutrino flux provide a good fit to the combined HESE and TG data. The fit is better than
the purely two-component astrophysical flux, cf. Table 2.1.
In Figure 2.4, we show the preferred regions of parameter space in the (Φ0 , γ) [top panels] and
(MDM , τDM ) [bottom panels] planes for the DM+astrophysical two-component neutrino flux,
cf. Eq. (2.14), with (1 : 1 : 1) [left panels] and (4 : 7 : 7) [right panels] astrophysical neutrino
flavor compositions. The solid and thin dashed contours show the 2σ and 3σ preferred ranges
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(a) (Φ0 , γ0 ) map for DM+(1:1:1)astro .

(b) (Φ0 , γ0 ) map for DM+(4:7:7)astro .

(c) Mass (MDM ) and decay time (τDM )
map for DM+(1:1:1)astro .

(d) Mass (MDM ) and decay time (τDM )
map for DM+(4:7:7)astro .

Figure 2.4: Preferred regions of parameter space in the (Φ0 , γ) [top panels] and (MDM , τDM ) [bottom
panels] planes for the DM+astrophysical two-component neutrino flux, cf. Eq. (2.14), with (1 : 1 : 1)
[left panels] and (4 : 7 : 7) [right panels] astrophysical neutrino flavor compositions. The solid and
thin dashed contours show the 2σ and 3σ preferred ranges respectively, while the red dot in each
map shows the bestfit value as given in Table 2.2. The thick black dashed curve in the bottom
panels is the 90% CL lower limit on the DM lifetime derived by the IceCube collaboration [112].

respectively, while the red dot in each map shows the bestfit value as given in Table 2.2. The
thick black dashed curve in the bottom panels is the 90% CL lower limit on the DM lifetime
recently derived by the IceCube collaboration [112] using 6 years of IceCube data focusing on
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muon neutrino ‘track’ events from the Northern Hemisphere and two years of ‘cascade’ events
from the full sky. The IceCube limit significantly improves upon the previous best limits
from gamma-rays [166, 167], neutrinos [168, 169], cosmic rays [170] and cosmic microwave
background (CMB) radiation [171]. Our 3σ preferred region to fit both HESE and TG data
is consistent with the recent IceCube limit.
In Figure 2.5, we present the DM+astro bestfit reconstructed event spectrum for both HESE
and TG data samples. The atmospheric background, one-component fit and the IceCube data
are the same as in Figure 2.2. The main difference is that now the DM decay contribution
(green shaded) serves as the low-energy part of the two-component flux, with a natural energy
cut-off at MDM /2 due to kinematic reasons. This also provides a good explanation of the
apparent excess in the vicinity of 100 TeV in the HESE data. The high-energy component
could be either (1 : 1 : 1) or (4 : 7 : 7) astrophysical neutrino flux. The combined flux provides
a very good fit to both HESE and TG data simultaneously. Moreover, the bestfit spectral
index for the astrophysical component miraculously turns out to be γ = 2 purely from the
data-fitting, which is the same value as expected theoretically in the Fermi shock model.
From the event spectrum of Figure 2.2, we can also understand certain features of the bestfit
given in Table 2.2. For instance, the DM parameters remain unchanged for the two cases,
which is understandable since in the 100 TeV bump area, the DM flux contributes the most.
It is the location and peak height within this short range of energy that decides MDM and
τDM , independent of the high-energy component. Similarly, the (4 : 7 : 7) case has a smaller
normalization factor because it has already got a larger portion of νµ at high energy to fit
the TG data, thus it no longer needs a flux as large as the (1 : 1 : 1) case.
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(a) Combined bestfit predictions for HESE with
(1 : 1 : 1)DM + (1 : 1 : 1)astro and comparison
with the one-component fit.

(b) Combined bestfit predictions for HESE with
(1 : 1 : 1)DM + (4 : 7 : 7)astro and comparison
with the one-component fit.

(c) Combined bestfit predictions for TG muons
with (1 : 1 : 1)DM +(1 : 1 : 1)astro and comparison
with the one-component fit.

(d) Combined bestfit predictions for TG muons
with (1 : 1 : 1)DM +(4 : 7 : 7)astro and comparison
with the one-component fit.

Figure 2.5: Event spectrum for the DM+astro two-component bestfit reconstruction of HESE and
TG data samples. The grey shaded part is the contribution due to atmospheric background and
the pink shaded part is the total contribution (two-compopnet+ bkg), with the green shaded part
the individual contribution from the DM component. The dashed blue curve in (a) and (b) is the
one-component HESE-alone bestfit [cf. Eq. (2.2)], while the dashed blue curve in (c) and (d) is the
one-component TG-alone bestfit [cf. Eq. (2.3)]. The IceCube data points for 6-year HESE and 8-year
TG samples are also shown.
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2.4

Multi-messenger Constraints from Gamma Ray Flux

As discussed in Section 2.2, the astrophysical neutrinos are produced via hadronic interactions
of the cosmic rays, such as pp, pn or pγ, which lead to the production of mesons, mainly
π ± and π 0 . While the charged pion decays give rise to the neutrinos via weak interactions,
the neutral pions promptly decay to photons via electromagnetic interaction: π 0 → 2γ. The
energy of the resultant γ-rays is, on average, Eγ = 2Eν , taking into consideration the energy
correlations: Eγ = Eπ0 /2, Eν = Eπ± /4 and Eπ0 ' Eπ± . This leads to a relation between
the photon and neutrino fluxes as well [27, 79, 80]. For the canonical pion and muon decay
source, this can be approximated by the following [71]:
Eγ2 Φγ '

4 2 Φ(ν+ν̄)tot
E
K ν
3

(2.21)
Eν =0.5Eγ

where Φ(ν+ν̄)tot stands for the total ν + ν̄ flux (summed over all flavors), and K is the ratio of
the charged to neutral pions, which is K ' 1 for the pγ case and K ' 2 for the pp case. For
the muon-damped pion decay source, one should use Eq. (2.21) without the factor of 1/3,
because for the same neutrino flux, the photon flux is larger by a factor of 3 in this case.
As for the two-component case, we no longer have the simple correlation between the photon
and neutrino fluxes as in Eq. (2.21), since it will now be affected by the energy-dependent
ratio of fluxes between the two components (Φ1 (Eν )/Φ2 (Eν )). However, we can calculate all
the possible combinations of the individual components with different K values and choose
the maximum and minimum values of the fluxes as a conservative estimate, because the
energy-dependent correlation will lie somewhere between these two extrema. Similarly, for
the DM case, we calculate the photon flux corresponding to a given neutrino flux numerically
using PYTHIA and add it to the astrophysical contribution. Finally, we integrate both sides
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of Eq. (2.21) to obtain the integrated photon flux for a given bestfit neutrino flux and check
its compatibility with the existing upper limits for the multi-messenger constraints.
It is also important to consider attenuation of the photon flux for both galactic and extragalactic sources, unlike the neutrino flux which is hardly attenuated due to the weakness of
neutrino interactions. Following the arguments in Ref. [172], we assume that the photons
from extragalactic sources are fully absorbed due to the e+ e− pair production with CMB and
EBL in the propagation process. This means that only the galactic component of the photon
flux is relevant for us. Given that the galactic contribution to the IceCube neutrino flux is at
most 14% [64], we use 14% of the total galactic integrated gamma-ray flux prediction from
Eq. (2.21) to derive the multi-messenger constraints. The gamma-ray referred to here is of
course the diffuse isotropic component. All the high-energy gamma-ray beams from specific
nearby astrophysical sources are not of concern, since the neutrino spectrum detected by
IceCube shows an isotropic feature, not spatially correlated with any resolved point sources.
Moreover, even the galactic gamma-ray flux will suffer from attenuation for Eγ & 10 TeV.
Based on the dynamics with CMB photons, the optical depth as a function of Eγ is used to
estimate these attenuation effects [172].
Our multi-messenger constraint results are shown in Figure 2.6. The top panel is for K = 1
(pγ) and the bottom panel is for K = 2 (pp). In each panel, we show the current 90% CL
upper limits on the integrated photon flux over the whole energy range from 10 GeV to
108 GeV, obtained from a combination of various experiments, such as CASA-MIA [173],
MILARGO [174], Fermi-LAT [175], GRAPES [176], KASCADE [177, 178], ARGO [179]
and HAWC [180]. We also adopted a combined best fit [181] in the 1-100 TeV region for
the upper bound on photon flux based on the diffuse electron flux limit from AMS-02 [182],
DAMPE [183], Fermi-LAT [184], MAGIC [185], HESS [186], and VERITAS [187], since air
showers from electrons, positrons and photons behave the same. The light brown region
46

(a) K = 1 case

(b) K = 2 case

Figure 2.6: The integrated photon flux predictions corresponding to the 2σ range around the bestfit
one-component (brown), two-component astrophysical (blue) and DM+astrophysical (magenta)
neutrino fluxes for the pγ (upper panel) and pp (lower panel) cases. Here all flavor compositions have
been taken as (1 : 1 : 1) for illustration. The twist in the bestfit regions around PeV is caused by the
galactic attenuation effect. The red-shaded region is the 90% CL exclusion from the combination of
the existing gamma-ray constraints, with the experimental data points shown by red dots.

corresponds to the 2σ region for the IceCube HESE-only bestfit for the one-component flux.
It is clear that the HESE-only bestfit is in severe conflict with the gamma-ray constraint,
especially in the low-energy region. This is mainly due to the softer neutrino spectrum,
cf. Eq. (2.2), which predicts more neutrinos in the lower energy range, thus leading to an
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increased photon flux as well. Note that the inverse Compton photon flux was not included in
our analysis, which contributes to the total photon flux mainly below ∼ 100 GeV. Including
this effect will further aggravate the tension between the IceCube bestfit and the photon
constraint.
Our 2σ range for the astrophysical two-component bestfit is shown in Figure 2.6 by the blue
region. This is largely consistent with the gamma-ray limits, except that there is a mild
tension around 10 PeV. For the pγ case, the tension starts around 1 PeV, because in this
case, we expect more photons compared to the pp case for the same neutrino flux. On the
other hand, for the DM+astrophysical two-component case (magenta region), the tension is
almost gone. This is mainly due to the harder neutrino spectrum, which predicts less neutrino
events in the low-energy range, and also because of the neutrino-dominated DM decay which
produces less high-energy photons. Although it leads to a slightly higher number of events
at high energy, this effect is minimized by a combination of the lower flux and attenuation
effects. For the (4 : 7 : 7) astrophysical case, the results are similar, so not shown here. In the
future, with more data from multi-messenger probes, these two-component scenarios could
be decisively tested and distinguishable from each other.
Before closing, a few comments are in order:

(i) For the photon constraints, we only show the energy range till 108 GeV. This is because
the astrophysical neutrinos and their photon counterparts have roughly ∼ 1 − 5% of
the typical CR energy. Thus for the CR having energy right before the GZK cutoff
of 1011 GeV [188, 189], the corresponding ν and γ fluxes should have the maximum
energy around 108 GeV.
(ii) For the DM decay, apart from the γ flux comparison, we also did an antiproton flux
comparison with the recent data from AMS-02 [182]. The specific DM decay channels
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available in our model here do not give rise to significant antiproton flux and are
well within the AMS-02 constraint. It might be interesting to examine other possible
decaying DM models with different decay final states (see e.g. Refs. [190, 191, 167, 112])
in light of the antiproton constraints, in addition to the photon constraints.
(iii) It was recently shown in Ref. [192] that a UHE neutrino flux with γ = 2 is simultaneously
consistent with the multi-messenger neutrino, gamma-ray and UHECR constraints; see
also Ref. [193] for a specific astrophysical example model. Our bestfit two-component
solutions corroborate this finding.

2.5

Conclusion

In this chapter, we have explored the possibility of using a two-component neutrino flux
model to simultaneously explain the IceCube HESE and throughgoing muon events above 10
TeV. We have considered two different types of two-component flux: (i) purely astrophysical,
and (ii) one-component astrophysical plus a decaying dark matter. In both cases, we also
consider two different flavor compositions on Earth for the astrophysical neutrinos, namely
(1 : 1 : 1) and (4 : 7 : 7). In each case, we perform a likelihood analysis with the combined
HESE and TG data samples to determine the bestfit spectral indices, flux normalization,
cut-off energy for the first component, and in the DM decay case, the mass and lifetime of
the DM. For the two-component astrophysical case, we find that the data prefers the high
energy component being (4 : 7 : 7), mainly due to the absence of Glashow events. On the
other hand, the two-component astrophysical case does not give a good fit to the HESE data,
especially in the 100 TeV region. We show that this issue can be addressed by replacing the
low-energy astrophysical component with a decaying DM component. We obtain the best fit
+12.7
28
values of MDM = 315+335
s for the DM mass and lifetime
−125 TeV and τDM = 6.3−2.3 × 10
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respectively. Moreover, in this case, the spectral index for the astrophysical component is
consistent with the theoretical prediction of γ = 2.
We have also checked the compatibility of the two-component fluxes with the multi-messenger
constraints from integrated diffuse photon flux observations. Using the robust correlation
between astrophysical neutrino and photon fluxes, we show that the HESE-only IceCube bestfit
is clearly ruled out by the gamma-ray constraints. The bestfit two-component astrophysical
flux is still safe, but on the verge of being excluded. The DM+astrophysical flux seems to be
the best solution for the current data, while being consistent with the photon constraints.
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Chapter 3
Zee Burst: A Glashow-like Signature at
IceCube

This chapter is based on my work with K.S.Babu, P.S. Bhupal Dev and Sudip Jana, [194].
©2020 American Physical Society.

3.1

Background and Motivation

In the previous chapter we have studied the possible effect on the UHE neutrino spectrum
due to a two-component neutrino flux model. Other than this dominant factor at the source,
the final observed spectrum is also affected by how the flux actually get detected – the
detection processes. In this chapter, we will be focusing on how the modification of the
detection process could affect the observed neutrino spectrum from IceCube and reversely,
how the possible observed anomalous signal could be used as probe for possible BSM physics
in neutrino sector.
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In the spirit of parameter control, in this chapter, we will adopt the simple, single-component
unbroken power-law flux Φ(Eν ) = Φ0 (Eν /100 TeV)−γ which gives a reasonably good fit to the
high-energy starting event (HESE) component of the IceCube data, with the latest best-fit
−18
values of Φ0 = (6.45+1.46
GeV−1 cm−2 s−1 sr−1 and γ = 2.89+0.20
−0.46 )×10
−0.19 at 1σ significance [195].

Now let’s turn to the possible anomalous feature for the spectrum due to the neutrino
interaction. The most typical anomalous feature will be due to a new particle resonance peak
and that is exactly what we will be focusing on. But first, let’s review a similar process in
the SM.

3.1.1

The SM Resonances

In SM electroweak sector, as we have discussed in the introduction chapter, the only resonance
signal IceCube detector is sensitive to is the Glashow resonance [35], where electron antineutrinos hitting the target electrons in ice could produce an on-shell W -boson: ν̄e e− →
W − → anything. The energy of the incoming neutrino required to make this resonance
happen is fixed at Eν = m2W /2me = 6.3 PeV. One candidate Glashow event was identified in a
partially-contained PeV event (PEPE) search with deposited energy of 5.9±0.18 PeV [51, 196],
but has not been included in the event spectrum yet [197]. The non-observation of Glashow
events might be still consistent with the SM expectations within the error bars, given the
uncertainty in the source type (pp versus pγ), as well as (νe , νµ , ντ ) flavor composition (1:2:0
vs 0:1:0) [125, 126, 198, 199, 58]. On the other hand, the possibility of observing a Z-boson
resonance (Z-burst) at IceCube due to UHE anti-neutrinos interacting with non-relativistic
relic neutrinos [200] is bleak, as the required incoming neutrino energy in this case turns out
to be Eν = m2Z /2mν & 1023 eV, well beyond the Greisen–Zatsepin–Kuzmin cut-off energy of
∼ 5 × 1019 eV for the UHE cosmic rays [188, 189]–the most likely progenitors of the UHE
neutrinos (for related discussion, see Ref. [201]).
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3.1.2

The BSM Resonances

An interesting alternative is the existence of secret neutrino interactions with a light (MeVscale) Z 0 [202, 203, 204, 205] or light neutrinophilic neutral scalar [206, 207, 208], in which
case the resonance could again fall in the multi-TeV to PeV range which will be accessible at
IceCube. Heavy (TeV-scale) resonances induced by neutrino-nucleon interactions mediated
by exotic charged particles, such as leptoquarks [209, 210, 211, 212], or squarks in R-parity
violating supersymmetry [213, 214, 215, 216] and heavy gauge bosons/scalars in left-right
symmetric model [217] have also been discussed.
Light Charged Scalar Resonances
Apart from the previously mentioned channels, we propose the possibility of light charged
scalar resonances at IceCube, which are intimately related to neutrino mass generation [218],
as well as observable non-standard interactions (NSI) [219] (for a recent update, see Ref. [220]).
As a prototypical example, we take the Zee model [218] – one of the most popular radiative
neutrino mass models, which contains an SU (2)L -singlet charged scalar η ± and an SU (2)L doublet scalar H2 , in addition to the SM-like Higgs doublet H1 . The original version of the
Zee model [218] is fully consistent with neutrino oscillation data [221] (for explicit neutrino
mass fits, see Ref. [222]), although the Wolfenstein version of the model [223] which assumes
a Z2 symmetry, thus making the diagonal entries of the neutrino mass matrix vanishing, is
excluded by oscillation data [224, 225]. Furthermore, it was pointed out in Ref. [222] that
both the singlet and doublet charged scalar components can be as light as ∼ 100 GeV, while
satisfying all existing theoretical and experimental constraints in both charged and neutral
scalar sectors. More interestingly, such light charged scalars can lead to sizable diagonal
NSI of neutrinos with electrons, with the maximum allowed values of the NSI parameters
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(εee , εµµ , ετ τ ) = (8%, 3.8%, 43%). We show here that the possibility of having a resonance
feature with these light charged Zee-scalars (‘Zee burst’) provides a new probe of NSI at
high-energy IceCube, complementary to the low-energy neutrino oscillation and scattering
experiments.

3.2

Light charged scalars in the Zee model

In the Higgs basis [226], only the neutral component of H1 gets a vacuum expectation value
√
hH10 i = v ' 246.2 GeV, while H2 is parametrized as H2 = (H2+ , (H20 + iA0 )/ 2). The charged
scalars {H2+ , η + } mix in the physical basis to give rise to the physical charged scalar mass
eigenstates
h+

=

cos ϕ η + + sin ϕ H2+ ,

H+

=

− sin ϕ η + + cos ϕ H2+ ,

(3.1)

with the mixing angle ϕ given by
√
− 2 vµ
,
sin 2ϕ =
m2H + − m2h+

(3.2)

where µ is the dimensionful coefficient of the cubic term µH1i H2j ij η − in the scalar potential,
with {i, j} being the SU (2)L indices and ij being the SU (2)L antisymmetric tensor.
The leptonic Yukawa couplings are given by the Lagrangian
e 1i Ljα `cβ ij
−LY ⊃ fαβ Liα Ljβ ij η + + Yeαβ H
e i Lj `c ij + H.c. ,
+ Yαβ H
2 α β
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(3.3)

e a = iτ2 H ?
where {α, β} are flavor indices, `c denotes the left-handed antilepton fields, and H
a

(a = 1, 2) with τ2 being the second Pauli matrix. The neutrino mass is generated at one-loop
level and is given by
Mν = κ (f M` Y + Y T M` f T ) ,

(3.4)

√
where M` = Ye v/ 2 is the charged lepton mass matrix and κ is a one-loop factor given by
1
κ =
sin 2ϕ log
16π 2



m2h+
m2H +



.

(3.5)

According to Eq. (3.4), the product of the Yukawa couplings f and Y is constrained by the
neutrino oscillation data, which allows for only one of these couplings to be of order one.
We will adopt the choice Y ∼ O(1) and f  1, which maximizes the neutrino NSI in the
model [222].
For the IceCube phenomenology, we are specifically interested in the light charged scalar
scenario. This is confronted with several theoretical and experimental constraints, such as
charge breaking minima, electroweak precision tests, charged lepton flavor violation (cLFV),
collider constraints from LEP and LHC, lepton universality tests and monophoton constraints.
It was shown [222] that both h+ and H + charged scalars can be as light as 100 GeV, while
satisfying all these constraints. The main constraints for light charged scalars come from direct
searches at LEP, which are applicable as long as Yαe 6= 0 for any flavor α. More stringent
limits from lepton universality tests in W decays [227] will apply if Yee 6= 0, restricting the
charged scalars masses to above 130 GeV [222]. In what follows, we will consider the scenario
where Yτ e =
6 0 and Yατ 6= 0 for α = e or µ, which satisfies all constraints for mh+ = 100 GeV,
and at the same time, allows for the largest NSI effect.
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3.3
3.3.1

Signature at IceCube
Two Scenarios

Expanding the last term in Eq. (3.3), we get
LY ⊃ Yαβ (h− sin ϕ + H − cos ϕ)να `cβ + H.c.

(3.6)

For β = e, this will induce neutrino-electron interactions mediated by the charged scalars
h− and H − . For Eν = m2h− (H − ) /2me , this will lead to an h− (H − )-resonance (Zee-burst) at
IceCube. There is no interference with the SM Glashow process (even for α = e), because
the Zee burst involves only right-handed electrons. Thus, depending on the mass spectrum
of h− and H − , we would expect either one or two additional resonance peaks in the IceCube
energy spectrum. We will consider two benchmark scenarios:
(i) mh− ≈ mH − , so that the two peaks are indistinguishable, i.e. contribute to the same
energy bin.
(ii) ∆mh ≡ mH − − mh− = 30 GeV, so that the two peaks are distinguishable (i.e. their
dominant contributions fall in different energy bins).

3.3.2

Event Spectrum Reconstruction

To estimate the modification to the event spectrum, we compute the number of events in a
given energy bin i as

Ni = T

Z

dΩ

Z

Eimax

dE

Eimin

X
α
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Φνα (E)Aνα (E, Ω) .

(3.7)

Here T is the exposure time for which we use T0 = 2653 days, corresponding to 7.5 years of live
data taking at IceCube [197]; Ω is the solid angle of coverage and we integrate over the whole
sky; E is the electromagnetic-equivalent deposited energy which is an approximately linear
function of the incoming neutrino energy [88]; the limits of the energy integration Eimin and
Eimax give the size of the ith deposited energy bin over which the expected number of events is
being calculated; Φνα (E) is the differential astrophysical neutrino+anti-neutrino flux for flavor
α, for which we use a simple, single-component unbroken power-law, isotropic flux Φ(Eν ) =
Φ0 (Eν /E0 )−γ with the IceCube best-fit values of Φ0 = 6.45 × 10−18 GeV−1 cm−2 s−1 sr−1 and
γ = 2.89 [195]; and Aνα is the effective area per energy per solid angle for the neutrino
flavor να , which includes the effective neutrino-matter cross section, number density of target
nucleons/electrons and acceptance rates for the shower and track events. In presence of new
interactions as in Eq. (3.6), only the neutrino-electron cross section gets modified, which in
turn affects the effective area. For the SM interactions only, we use the publicly available
flavor-dependent effective area integrated over solid angle from Ref. [51] (for 2078 days of
IceCube data), along with a 67% increase in the acceptance (for 2653 days of data) [228]. In
presence of non-SM interactions as in Eq. (3.6), we rescale the effective area accordingly by
taking the ratio of the cross sections, assuming that the acceptance remains the same.
In the SM, neutrinos interact with nucleons via charged- and neutral-current processes. In
the energy range of interest, the corresponding deep inelastic scattering cross sections can be
approximated by [41]
CC
σν(ν̄)N

≈

NC
3σν(ν̄)N

−36

' 2.7 × 10

2

cm



Eν
GeV

0.4

.

(3.8)

In addition, there are subdominant antineutrino-electron interactions, except in the energy
range of 4.6–7.6 PeV, when the ν̄e –e− interaction becomes important due to the Glashow
resonance [35]. In the vicinity of the resonance, the dominant piece of the cross section can
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be expressed by a Breit–Wigner distribution as [229]:
σGlashow (s) = 24π Γ2W BR(W − → ν̄e e− )BR(W − → had)
s/m2W
×
,
(s − m2W )2 + (mW ΓW )2

(3.9)

where s = 2me Eν and ΓW is the total width of the W boson with BR(W − → ν̄e e− ) = 10.7%
and BR(W − → had) = 67.4% [230]. At resonance, Eq. (3.9) gives σGlashow (Eν = 6.3 PeV) =
CC
3.4×10−31 cm2 , about 240 times larger than σν(ν̄)N
(Eν = 6.3PeV) ≈ 1.4×10−33 cm2 . However,

due to the narrowness of the resonance and the Eν−γ nature of the astrophysical neutrino flux,
the ratio of the reconstructed events between the resonance-induced ν̄e -e and non-resonant
ν(ν̄)-N interactions is not so pronounced in the event spectrum, as shown by the red-shaded
histograms in Fig. 3.1. For instance, for Eν > 4 PeV, NRes /Nnon−Res ∼ 2.05 giving a total
of about 0.3 events in the Glashow bin for the IceCube best-fit flux. Also shown in Fig. 3.1
(gray shaded) are the total expected atmospheric background (from atmospheric muons and
neutrinos, as well as the charm contribution) and the 7.5 year IceCube data [195]. The
vertical line at 60 TeV denotes the low-energy cutoff for the HESE analysis, i.e. the bins
below this energy are not considered in the fitting process.
Now in presence of light charged scalars, we expect a new resonance for ν̄α e− → X − →
anything (where X − = h− , H − for the Zee model) with a cross section similar to Eq (3.9):
σZee (s) = 8π Γ2X BR(X − → ν̄α e− )BR(X − → all)
×
where ΓX =

P

αβ

s/m2X
,
(s − m2X )2 + (mX ΓX )2

(3.10)

|Yαβ |2 sin2 ϕ mX /16π is the total decay width of X. The factor of 1/3,

compared to Eq. (3.9), is due to the difference in the degrees of polarization between scalar
and vector bosons.
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Figure 3.1: Reconstructed event spectra for the expected atmospheric background (gray),
SM best-fit with a single-component astrophysical flux (red) and the Zee model with mh+ ≈
mH + = 100 GeV, ϕ = π/4 and Yτ e = 1, 0.5, 0.25 (light, medium and dark blue, respectively),
all compared with the 7.5-year IceCube data. The data points below 60 TeV (inside the
vertical black-shaded band) are not included in the IceCube HESE analysis we are using here.

In Fig. 3.1, we consider a benchmark case with mh− ≈ mH − = 100 GeV, so that the
two new resonances due to h− and H − coincide, and thus, maximize the effect in the
bin containing the resonance energy Eν = m2h− /2me , as shown by the light, medium and
dark blue-shaded histograms corresponding to three illustrative values of Yτ e = 1, 0.5, 0.25
respectively. The excess events due to this new resonance mostly populate the energy bins
between 7.6–12.9 PeV, distinguishable from those dominated by the Glashow resonance bin
(4.6–7.6 PeV), and the effect is more pronounced for larger Yukawa couplings, as expected
from Eq. (3.10). Here we have taken the maximal mixing ϕ = π/4 and BR(h− → ν̄τ e) = 60%,
BR(h− → ν̄β τ ) = 40% (with β = e or µ) for a fixed Yτ e given above and accordingly chosen
Yβτ , while all other Yukawa couplings Yαβ are taken to be much smaller than one to satisfy
the cLFV constraints [222]. Note that as we increase the mass difference ∆mh ≡ mH − − mh− ,
the two peaks start populating different bins, but because of the falling power-law flux, the
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Figure 3.2: IceCube sensitivity (corresponding to one expected event in the resonance energy
bins combined) for the parameter space relevant for ετ τ are shown by thick black curves, for
different exposure times (in terms of the current exposure T0 = 2653 days). The left panel is
for mh+ ≈ mH + and the right panel is for mH + − mh+ = 30 GeV. The predictions for ετ τ are
shown by the thin dotted contours. The shaded regions are excluded; see text for details.
effect is more pronounced in the smallest resonance energy bin. Also note that we cannot
make ∆mh exactly zero, otherwise the neutrino mass vanishes [cf. Eq. (3.5)].
From Fig. 3.1, it is clear that for a given charged scalar mass mh− , the Yukawa coupling Yτ e
cannot be made arbitrarily large without spoiling the best-fit to the observed IceCube HESE
data. We can use this fact to derive new IceCube constraints in the mh− − Yτ e plane, as shown
in Fig. 3.2 by the thick black contours. The curve labeled ‘IC 1T0 ’ represents the parameter
set which would give rise to one event when summed over the last three bins considered by
IceCube best-fit (4.6 < Eν /PeV < 10) with the current exposure T0 = 2653 days [195], and
the other curves are with increased exposures of 2T0 , 4T0 , 10T0 and 50T0 respectively, keeping
the other parameters in Eq. (3.7) the same. The left panel is for mh+ ≈ mH + and the right
panel is for mH + − mh+ = 30 GeV. This explains the appearance of one ‘dip’ in the left panel
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(corresponding to one resonance for h− and H − combined) and two ‘dips’ in the right panel
(corresponding to two distinct resonances for h− and H − ).

3.4

Probing NSI

The same Yukawa interactions in Eq. (3.6) lead to neutrino NSI with electrons, given by [222]

εαβ

?
Yαe Yβe
= √
4 2GF



sin2 ϕ cos2 ϕ
+ 2
m2h+
mH +



,

(3.11)

where GF is the Fermi coupling constant. In Fig. 3.2, we show the predictions for ετ τ by thin
black dotted contours. Here again we have taken the maximal mixing case with ϕ = π/4
to get the largest possible NSI. The shaded regions are all excluded: blue shaded by direct
LEP searches [231] and lepton universality (LU) tests in tau decays [230]; green shaded by
LEP dilepton searches [227, 232]; purple shaded (dashed) by LEP monophoton searches
off (on) Z-pole [233, 234]; red shaded by BOREXINO [235], orange shaded by global fit to
neutrino oscillation plus COHERENT data [236], and brown shaded by IceCube atmospheric
neutrino data [237, 238]. For more details on these exclusion regions, see Ref. [222]. Note
that the atmospheric neutrino data only constrains |ετ τ − εµµ | < 9.3% [237, 238], which in the
Zee model is equivalent to a bound on ετ τ itself, because both ετ τ and εµµ cannot be large
simultaneously due to stringent cLFV constraints. One can do similar analysis for other εαβ ,
which are however restricted to be less than a few % [222], and hence, are not so promising
for IceCube.
We should comment here that the LEP dilepton constraints [227] shown in Fig. 3.2 (green
shaded region) are equally applicable to the extra neutral CP-even and odd scalars (H, A)
−
present in the Zee model, since they could modify the e+ e− → `+
α `α cross section via t-channel

mediation through the Yukawa couplings Yαe . Moreover, these neutral scalars are required to
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be quasi-degenerate with the doublet charged scalar H + in order to satisfy the electroweak
T -parameter constraint [222].
From Fig. 3.2, we see that the existing constraints on NSI are stronger than the current
sensitivity of high-energy IceCube data. However, the (non)observation of a resonance-like
feature in the future IceCube HESE data could provide a complementary probe of the allowed
NSI parameter space, which can even supersede the future DUNE sensitivities (shown by
the upper and lower blue solid lines for 300 and 850 kt.MW.yr exposures, respectively [239]).
We note here that an exposure of 10T0 does not necessarily require 75 years of IceCube
running, as a number of factors could improve the conservative projected IceCube limits
shown here in a non-linear fashion. For instance, the future data in all the bins may not scale
proportionately to the current data and may turn out to be in better agreement with the SM
prediction, thus restricting even further any room for new physics contribution. Similarly, the
energy-dependent acceptance rate might improve in the future (as it did by 67% from two
to seven years of data [228]), thereby increasing the effective area, and hence, the ‘effective’
exposure time defined here at a rate faster than linear. Finally, the proposed IceCube-Gen2
with 10 km3 detector volume [56] could increase the total effective exposure by about an
order of magnitude. At the very least, combining IceCube data with the future KM3NeT
data [240] could increase the effective exposure by a factor of two.
Before concluding, we remark that for heavier charged scalars, the resonance energy will
be shifted to higher values at which IceCube will become less sensitive, given an isotropic
power-law spectrum. However, if there exists powerful transient sources of UHE neutrinos,
then IceCube, as well as current and next-generation radio-Cherenkov neutrino detectors,
such as ARA [241], ARIANNA [242], ANITA [243], GNO [244] and RNO [245], could be
sensitive to electrophilic charged scalars up to a TeV or so (corresponding to the resonance
energy of EeV), as might occur e.g. in left-right symmetric model [217]. The possibility of a
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larger flux at higher energies, together with better energy resolution of the IceCube detectors,
might help distinguishing the degenerate versus non-degenerate charged-scalar mass spectrum
by exploiting the ‘dip’ features in Fig. 3.2.

3.5

Conclusion

We have proposed a new way to probe light charged scalars using a Glashow-like resonance
feature in the ultra-high energy neutrino data at IceCube and its future extensions. The
same interactions that lead to the new signature at IceCube also give rise to observable
non-standard interactions of neutrinos with matter, so that the UHE neutrinos provide a
complementary probe of NSI. Taking the popular Zee model of radiative neutrino mass as a
prototypical example, we have provided an explicit realization of this idea.
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Chapter 4
New Interpretation of ANITA
Anomalous Events under a R-parity
Violating Supersymmetric Framework

This chapter is based on my work with Jack H.Collins and P.S. Bhupal Dev, [215].
©2019 American Physical Society.

4.1

ANITA Anomalous Events

The Antarctic Impulsive Transient Antenna (ANITA) collaboration has recently reported
two anomalous upward-going ultra-high energy cosmic ray (UHECR) air shower events with
deposited shower energies of 0.6 ± 0.4 EeV and 0.56+0.3
−0.2 EeV, respectively [246, 247]. Both
events, one from ANITA-I [246] and another from ANITA-III [247], originate from well below
the horizon, with elevation angles of (−27.4 ± 0.3)◦ and (−35.0 ± 0.3)◦ , respectively. They do
not exhibit phase inversion due to Earth’s geomagnetic effects – a primary characteristic of
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conventional downgoing UHECR air showers which produce downgoing radio impulses that
are reflected off the Antarctic ice surface. Potential background events from anthropogenic
radio signals that might mimic the UHECR characteristics, or unknown processes that might
lead to a non-inverted polarity on reflection from the ice cap are estimated to be ≤ 0.015.
This leads to & 3σ evidence for the interpretation of the two anomalous events as due to
direct upward-moving Earth-emergent UHECR-like air showers above the ice surface [247].

4.1.1

Challenges within SM

However, such an interpretation faces severe challenges within the known Standard Model
(SM) framework, because no SM particle is expected to survive passage through Earth a
chord distance of ∼ 7000 km (corresponding to the observed zenith angles of the two events)
at EeV energies. In particular, the interpretation of these events as τ -lepton decay-induced
air showers at or near the ice surface arising from a diffuse UHE flux of cosmic ντ is strongly
disfavored due to their mean interaction length of only ∼ 300 km. Even including the effect of
ντ regeneration [248, 249, 250, 251], the resulting survival probability over the chord length of
the ANITA events with energy greater than 0.1 EeV is < 10−6 [252], largely due to τ -lepton
energy loss inside Earth because of ionization, e+ e− pair production, bremsstrahlung, and
photonuclear interactions [253], thereby excluding the SM interpretation at 5.8σ confidence.
A possible way out is by invoking significant suppression of the deep-inelastic neutrino-nucleon
cross section above EeV [254, 140, 255, 256, 257] due to gluon saturation at small Bjorkenx < 10−6 [258]. This will likely decrease the exponential attenuation of the Earth-crossing
neutrino flux by at most a factor of 2-3 [259, 260, 261], whereas an order of magnitude or
more suppression is needed to explain the two ANITA events.
Another explanation of the anomalous events within the SM framework was proposed in terms
of the transition radiation from a particle shower crossing the Earth-air interface and induced
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by an Earth-skimming neutrino [262]. In this model, the plane-of-polarization correlation to
geomagnetic angles would be coincidental. Since both ANITA events are well-correlated to the
local geomagnetic angle, and are consistent within 3◦ -5◦ of measurement error, coincidental
alignment for both is possible only at the few % level [247]. Moreover, the diffuse neutrino
flux necessary for this explanation to work is in tension with the current best limits from the
Pierre Auger [263], IceCube [264] and ANITA [265] data.

4.1.2

A Few BSM Interpretations

Several beyond the SM (BSM) interpretations of the ANITA anomalous events, such as sterile
neutrino mixing [266, 267], heavy dark matter [268, 269] and stau [270, 252] decays, have
also been discussed. All of these explanations assume that the showers observed by ANITA
were initiated by the hadronic decays of a τ -lepton. However, a major challenge for any
BSM interpretation in which the ANITA events are initiated by a decaying τ lepton is to
explain the apparent discrepancy with the null observation of any comparably energetic and
steeply inclined throughgoing track events at IceCube [51]5 , which has been operating at its
design sensitivity for more than nine years, as compared to ANITA’s approximately two
months exposure. With an effective area of 1 km2 (as compared to ANITA’s 4 km2 ) at EeV
energies, the IceCube exposure is almost 12 times that of ANITA. Based on this argument, it
was pointed out [267] that the sterile neutrino explanation [266] is in strong tension with
IceCube. The same conclusion holds for the hypothesis of quasi-stable dark mater decay
inside the Earth [268], and for the stau-based proposals [270, 252]. Moreover, as pointed out
in Ref. [269], given the local dark matter density of 0.3 GeV ċm−3 , the capture rate of an
EeV-scale decaying dark matter is very low, corresponding to one dark matter decay every
137 years in the entire volume of the Earth.
5

Though it is worth noting that there are three IceCube events which could be interpreted as throughgoing
τ tracks with energy 10 to 100 PeV and inclined at angles 10 to 30 degrees below the horizontal [252, 271].
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The assumption that the upward going showers observed by ANITA were initiated by τ leptons may be premature, since it is not clear how the ANITA experiment would distinguish
between showers initiated by different kinds of particle decays on an event-by-event basis.
The decays of a highly boosted BSM particle directly into hadrons, electrons, or photons
would also result in the production of an impulsive radio cone, and this might give rise to
miscalibrated energy measurement or effective area prediction when interpreted in terms of a
τ -hypothesis. Moreover, all the BSM scenarios discussed above assume an isotropic flux of
incident neutrinos, which has serious problems producing the observed arrival directions at
ANITA without overproducing at shallower angles. As we discuss in this paper, it is difficult
to account for the ANITA anomalous events using an isotropic Greisen-Zatsepin-Kuzmin
(GZK) neutrino flux. We therefore consider an anisotropic flux as our source of events to
fit the ANITA events and show that this is so far consistent with the existing searches for
potential candidate transient sources in the northern sky.

4.2

The RPV-SUSY Interpretation

We propose a new BSM solution to the ANITA puzzle in terms of a long-lived neutral
particle. In particular, we advocate a GeV-scale bino in R-parity violating supersymmetry
(RPV-SUSY) as a natural candidate for this purpose. Our solution has several advantages
over the other BSM explanations entertained earlier:

(i) The RPV couplings allow the on-shell, resonant production of a TeV-scale squark/slepton
from neutrino-nucleon/electron scattering inside Earth, thereby naturally enhancing
the signal cross section.
(ii) The squark/slepton decay inside the Earth can produce a pure bino which interacts with
the SM fermions only via the U (1)Y gauge interactions and heavier supersymmetric
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particles, and therefore, can easily travel through thousands of km inside the Earth
without significant energy loss.
(iii) For a suitable, yet realistic sparticle mass spectrum and couplings consistent with all
existing low and high-energy constraints, we find some parameter space where the bino
is sufficiently long-lived (with proper lifetime of order of ns) and decays to SM fermions
at or near the exit-surface of Earth to induce the air shower observed by ANITA.
(iv) For LLE-type RPV couplings, the bino decays to a τ -lepton (if kinematically allowed)
and electron, either of which could induce the air shower seen by ANITA, whereas for
LQD-type couplings, the bino directly decays to quarks and neutrino, which mimic
the SM τ -decay. In the latter case, there exist some parameter space for which no
throughgoing track events are predicted at IceCube.

4.2.1

RPV Superpotential

We start with the general trilinear RPV superpotential in the Minimal Supersymmetric
SM [57]:
W
R =

1
1
λijk Li Lj Ekc + λ0ijk Li Qj Dkc + λ00ijk Uic Djc Dkc ,
2
2

(4.1)

where Li 3 (νi , ei )L and Qi 3 (ui , di )L are the SU (2)L -doublet and Uic , Dic , Eic are the
SU (2)L -singlet chiral superfields, and i, j, k = 1, 2, 3 are the generation indices. Here we have
suppressed all gauge indices for brevity. Note that SU (2)L and SU (3)c gauge invariance
enforce antisymmetry of the λijk and λ00ijk couplings with respect to their i, j or j, k indices,
respectively. Since we are interested in the UHE neutrino interactions with matter, we will
only consider the λ and λ0 -terms, one at a time.6
In presence of the λ0 -terms, the λ00 -terms can be explicitly forbidden, e.g. by imposing baryon triality [272],
in order to avoid dangerous proton decay operators [273, 274].
6
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4.2.2

LLE Contribution

Let us consider the λ-terms first. Expanding them in Eq. (4.1), we obtain the Lagrangian

LLLE


1
c
= λijk νeiL ēkR ejL + eeiL ēkR νjL + ee∗kR ν̄iL
ejL
2

− (i ↔ j) + H.c.

(4.2)

With these interactions, we can have new contributions to the (anti)neutrino-electron scattering inside Earth, as shown in Fig. 4.1 (top panel). In particular, given enough energy of
the incoming (anti)neutrino, this will lead to the resonant production of a left-handed (LH)
slepton through the second term in Eq. (4.2), and similarly a right-handed (RH) slepton
through the third term in Eq. (4.2). For an incoming neutrino energy Eν , the slepton mass
√
√
at which the resonance occurs is simply meei = s = 2Eν me [213, 214], where s is the
center-of-mass energy. This is reminiscent of the Glashow resonance in the SM, where an
on-shell W boson is produced from the ν̄e − e scattering with an initial neutrino energy of
Eν = m2W /2me = 6.3 PeV [35].
Once produced, the slepton can decay back to an electron and neutrino through the same
RPV interaction in Eq. (4.2) or to the corresponding lepton and neutralino through gauge
interactions. The slepton might in principle be from any generation, though here we will
make the assumption that the slepton is a stau (e
τ ), and also assume the lightest neutralino
(χ01 ) to be much lighter than the stau, so that the decay τe → τ χ
e01 is kinematically allowed.
All other sparticles are assumed to be heavier than the stau and do not play any role in our
e which could be the lightest supersymmetric particle
analysis, except for the gravitino (G),

(LSP) and plays the role of dark matter in this scenario.7
7

Gravitino LSP and bino next-to-LSP (NLSP) can be realized, e.g. in natural gauge mediation without
gaugino unification [275].
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Figure 4.1: Representative Feynman diagrams for the neutrino-electron (top) and neutrinonucleon (bottom) interactions via RH-sfermion mediation in our RPV-SUSY scenario to
produce a long-lived bino. Similar diagrams exist for LH-sfermion mediation, which are not
shown here, but included in the calculation.
The cross-section for νe → τe → τ χ
e01 production, which can be approximated by a Breit-Wigner
formula close to the s-pole with s → m2τe, is given by [213] as:

8π
Br(e
τ → νe) Br(e
τ →χ
e01 τ )
m2τe
8π
|λijk |2 g 02
=
,
m2τe (|λijk |2 + g 02 )2

σLLE '

(4.3)

where g 0 ≡ e/ cos θw is the U (1)Y gauge coupling (e being the electromagnetic coupling and
θw the weak mixing angle), and j = 1, k = 3 or vice versa, depending on whether it is the
RH or LH-slepton resonance, respectively. The index i for the incoming neutrino is free and
we will assume a democratic flux ratio 1 : 1 : 1 for νe : νµ : ντ and similarly for antineutrinos,
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as expected for a typical astrophysical neutrino flux with 1 : 2 : 0 flavor composition at the
source [72].
We assume the bino is long-lived enough to survive its passage through Earth, before decaying
close to or at the surface of exit. It can decay back to the τ -lepton and an off-shell stau,
leading to a 3-body final state: χ
e01 → τ + τe∗− → τ + e− ν̄. In principle, the upgoing shower may
be initiated either directly by the electron, or by the subsequent decay of the τ , as shown

schematically in Fig. 4.2. In the limit mχe01  mτe, the 3-body decay rate can be estimated as
5

Γ(e
χ01

g 02 |λijk |2 mχe01
→ τ e ν̄) '
.
512π 3 m4τe

(4.4)

− +

According to the geometry shown in Fig. 4.2, the incident neutrino travels a short distance l1
inside Earth, and the remaining distance l2 is traveled by the bino. In the limit l1  l2 , we
can approximate l2 as the chord length of ∼ 7000 km required for the two ANITA events,
which translates into the mean lifetime of bino in the lab frame as τχelab
0 ∼ 0.022 s. From
1

the decay kinematics of the event, we estimate that the incoming neutrino energy should
be roughly four times the detected energy at ANITA. Given that the two ANITA events
had an average energy of 0.5 EeV, the initial neutrino energy should be Eν ∼ 2 EeV. Then
√
the resonance condition fixes the stau mass: mτe = 2Eν me ' 2 TeV. Substituting this in
Eq. (4.4), we find that for a typical value of |λ| ∼ 0.1, as allowed by current experimental
constraints [276], one needs a light bino of mass mχe01 ∼ 8 GeV. A more accurate calculation of
the allowed range in the (mχe01 , |λ|) plane, taking into account all statistical interaction/decay
probabilities for the neutrino, bino and tau, will be presented in a later section.
We should mention here that for gravitino LSP and bino NLSP, the bino can also have a
2-body decay into a photon and a gravitino via its photino component and the decay rate is
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ltot
l2

h

θ

decay point
χ→νe τ
χ→νq q

interaction point

l1

νe →χτ
νd →χd

Figure 4.2: A sketch of our model setup. The incoming UHE neutrino interacts with electron
or quark inside the Earth within a distance l1 and produces a bino through the diagrams
shown in Fig. 4.1. The bino travels a distance l2 , before decaying to νe− τ + or νq q̄ close to
the surface, which induces the air shower seen by ANITA. Here, ltot is the total distance
between the point where the UHE neutrino enters Earth to the ANITA detector, located at a
height h above Earth’s surface, and θ is the incoming angle of the neutrino with respect to
the vertical direction.
given by [277]
e
Γ(e
χ01 → Gγ)
=

3
3

cos2 θw mχe01
1 − x23/2
1 + 3x23/2 ,
2
2
48πMPl x3/2

(4.5)

where x3/2 ≡ mGe /mχe01 . The photon can also initiate the air shower, but as mentioned above,
we will only consider the τ final state. For the parameter space we work with, the 3-body
decay rate given by Eq. (4.5) is larger than the 2-body decay rate given by Eq. (4.4) for
very light gravitino with mass mGe . 0.1 eV, which is actually preferred by cosmology [278].
In particular, our scenario is naturally free from the cosmological gravitino problem [279]
and consistent with cosmological constraints, such as from Lyman-α forest [280], cosmic
microwave background (CMB) lensing and large-scale structure [281].
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4.2.3

LQD Contribution

Now we consider the λ0 -terms in Eq. (4.1) which, when expanded, lead to the Lagrangian

LLQD =



c
νeiL d¯kR djL + dejL d¯kR νiL + de∗kR ν̄iL
djL

c
∗
¯
¯
e
− eeiL dkR ujL − u
ejL dkR eiL − dkR ēiL ujL + H.c.

λ0ijk

(4.6)

These interactions will contribute to the neutrino-nucleon scattering mediated by either s
or u-channel exchange of a down-type squark, as shown in Fig. 4.1 (bottom panel). For
simplicity, we only consider the first-generation squark in the intermediate state. As for the
initial state quarks, both d and s quark contributions turn out to be comparable. However,
due to stringent constraints on the product λ0i1k λ0j2k . 5 × 10−5 from K-meson decays [57],
we will consider either the down-quark or the strange-quark in the initial state separately,
but not both simultaneously. In particular, we will only consider the λ0ijk couplings with
j = 1, 2 and k = 1 for RH down-squark. After being resonantly produced, the bino will have
¯ and χ
¯ In this case, the
a 3-body decay via off-shell down-type squark: χ
e01 → ddν
e01 → ude.
final-state quarks from the 3-body bino decay hadronize to either pions or kaons, mimicking

the hadronic shower induced by the τ . All other supersymmetric particles (except for the
bino NLSP and gravitino LSP) are assumed to be heavier and not to play any role in our
analysis.
The total differential cross section for the (anti)neutrino-nucleon interactions can be written
in terms of the Bjorken scaling variables x = Q2 /2mN Eν0 and y = Eν0 /Eν , where mN =
(mp + mn )/2 is the average mass of the proton and neutron for an isoscalar nucleon, −Q2
is the invariant momentum transfer between the incident neutrino and outgoing bino, and
Eν0 = Eν − Eχe01 is the energy loss in the laboratory frame. Keeping only the dominant
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s-channel contributions, we obtain [213]
ν
dσLQD

dxdy

=

mN Eν |λ0ijk |2 g 02
16π

18

+ 






(4.7)

xfd (x, Q2 )
2
xs − m2d˜
+ m2d˜ Γ2d˜
L
 L L

(4.8)

xfd¯(x, Q2 )

,
2
2
2
2
xs − md˜
+ md˜ Γd˜
L
L
L

ν̄
dσLQD
mN Eν |λ0ijk |2 g 02 
=

dxdy
16π
18

+ 

4xfd (x, Q2 )
2
xs − m2d˜
+ m2d˜ Γ2d˜
R
R
R


4xfd¯(x, Q2 )

,
2
2
2
2
xs − md˜
+ md˜ Γd˜
R

R

R

where s = 2mN Eν is the squared center-of-mass energy, and fd , fd¯ are the PDFs for down and
anti-down quark within the proton, respectively. The Breit-Wigner resonance is regulated by
the squark widths8

Γd˜kR
Γd˜kL

"
mdekR X

#
2
=
|λ0ijk |2 + g 02 ,
8π
9
ij
"
#
mdekL X 0 2 1 02
|λijk | + g
=
.
16π
9
ij

(4.9)
(4.10)

Note that the resonance condition is satisfied for the incoming neutrino energy Eν = m2de/2mN x,
but due to the spread in the initial quark momentum fraction x ∈ [0, 1], the resonance peak
is broadened and shifted above the threshold value Eνth = m2de/2mN , unlike the LLE case
where the resonance was much narrower. This is one of the reasons why the LQD case allows
The RH down-squark has two RPV decay modes: dekR → νiL djL , eiL ujL , whereas the LH down-squark
has only one: dekL → νiL djR . Similarly, for the R-parity conserving decays de → de
χ01 , the RH squark coupling
is twice that of the LH squark (due to different hypercharges).
8
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for a larger parameter space than the LLE case in explaining the ANITA events, as we show
in the next section.

4.3

Event Reconstruction at ANITA

We estimate the total number of expected events in the following way:

N =

ZEf

(4.11)

dEν hAeff · ∆Ωi · T · Φν ,

Ei

where ∆E ≡ Ef − Ei is the incident neutrino energy range that gives rise to the resonance,
Φν (Eν ) is the incoming neutrino flux, T = 53 days is the total effective exposure time for
the reported three flights of ANITA,9 and hAeff · ∆Ωi is the effective area integrated over the
relevant solid angle, averaged over the probability for interaction and decay to happen over
the specified geometry shown in Fig. 4.2.

4.3.1

LLE case

For the LLE case, since the resonance is very narrow, we can evaluate the energy integral
R
dEν at the resonance energy Eν = m2τe/2me with the energy spread ∆E = 2Γτemτe/me ∼ 0.05
EeV. The integrated effective area is defined as

hAeff · ∆Ωi ≡
Z ltot −l1
×

πθc2

ltot −D−l1

Z

dl2
ldecay

dθdφ tan θ

Z

0

−l

e

l2
decay

9

ltot

dl1
lBSM

e

−l1

(ltot − l1 − l2 )2



1
+l 1
lBSM
SM



(4.12)

This corresponds to the combination of 17.25, 28.5 and 7 days of effective full-payload exposure time for
ANITA-I, ANITA-II and ANITA-III, respectively, based on the experimental analysis given in Refs. [282,
246, 247]. We have included the ANITA-II exposure time, even though it did not use a dedicated trigger
algorithm sensitive to these events [246].
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where l1 , l2 are the distance traveled by ν and χ
e01 respectively, and ltot is the total distance
from neutrino entering Earth to the detector, θ is the angle between the travel path and the

vertical direction as defined before in Fig. 4.2, D is the distance between the bino’s decay
point to the detector, θc ∼ 0.015 is the Cherenkov cone angle, lSM and lBSM stand for the
neutrino interaction lengths in the SM and BSM case, respectively. The interaction length
can be generically written as lint ∼ 1/(σNA ρ), where NA is the Avogadro number, ρ is the
density and σ is the interaction cross section. In our case, lBSM is a function of the new
physics parameters λijk and mτe. Including the τ -lepton decay probability would modify
Eq. (4.12) to the following:
πθc2

hAeff · ∆Ωi ≡
Z ltot −l1
×

Z

dθ dφ tan θ
Z
l2
dl2 − ldecay
e

ltot −l1 −D ldecay

Z

0

0
D

ltot

dl1

−l1



1
+l 1
lBSM
SM



e
lBSM
l3
dl3 − ldecay,τ
e

ldecay,τ

(4.13)

× (ltot − l1 − l2 − l3 )2
where ldecay,τ is the decay length of τ .
Comparison Between Isotropic and Anisotropic Flux as Sources

A quick test could be done to see if the GZK flux would be strong enough to provide the
required number of events. Taking a benchmark point mχe01 = 8 GeV and λijk = 0.2, the flux
needed to generate 2 events at 3σ confidence (with Poisson distribution) is shown in Fig. 4.3.
The blue shaded region corresponds to the isotropic flux needed to match ANITA events
within 3σ. Thus, we need an isotropic flux as strong as ∼ 5×10−23 (GeV ·cm2 ·s·sr)−1 , at least
three orders of magnitude larger than the GZK upper limit ∼ 2.2 × 10−26 (GeV · cm2 · s · sr)−1
at EeV level [264], shown as the grey curve in Fig. 4.3 . Therefore, under this RPV-SUSY
bino scenario, GZK flux is disfavored as the source of UHE neutrinos at more than 3σ CL.
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Figure 4.3: The minimum neutrino flux needed to explain the two ANITA events at 3σ
confidence for an isotropic (blue shaded) and anisotropic (red shaded) area. The grey curve
is the 90% confidence level (CL) upper bound on the GZK flux from IceCube [264]. Here we
have chosen mχe01 = 8 GeV and λijk = 0.2.
The challenge in explaining the ANITA event rate in terms of an isotropic GZK flux is
quite general. Given the GZK upper limit of ∼ 50 EeV beyond which the UHECR flux is
suppressed due to interactions of UHECRs with relic photons [188, 189] and noting that the
average neutrino energy is roughly 5-10% of the primary CR energy [138], we can integrate
the projected differential GZK flux given in Ref. [283] from 0.1 EeV up to 5 EeV, and use
Eq. (4.11), with ∆Ω = 2π and writing Aeff = (4 km2 ) ×  where 4 km2 is the inferred area of
the radio cone for the observed ANITA events and  is interpreted as a conversion efficiency
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for incoming neutrinos into observed upward going events at ANITA. We find a predicted
event rate of N ∼ 600 . Two events at ANITA therefore suggests  ∼ 3 × 10−3 . Under the
hypothesis that the event is initiated by a long-lived particle with γcτ ∼ REarth which decays
below an altitude of 10 km after emerging from Antarctica (otherwise the air density drops
rapidly and the shower does not fully develop before it reaches ANITA), there is already a
suppression factor in  which goes like (10 km)/REarth ' 2 × 10−3 . Similarly, if the events
are due to a decaying τ which has been produced in the collision between a highly energetic
weakly interacting particle with scattering length 1/(σNAv ρ) ∼ REarth and a nucleus in the
Antarctic crust or ice within 10 km of the surface, there is also the same suppression factor.
This is before considering the production cross section for the long-lived particle in a ν-N
collision in the northern hemisphere, and any additional branching ratio suppression.
We can still consider anisotropic sources for the incoming neutrinos. In this case, the solid
angle considered now (∼ 0.0007π, defined using the uncertainty of angles in the ANITA
events [247]) is much smaller than the solid angle in isotropic case (∼ 1.3π). Therefore, to
get the same amount of events, the angular averaged anisotropic flux needed will become
even larger than the isotropic flux, which is shown in Fig. 4.3 as the red area. Due to the
angular average effect, we can see that the required anisotropic flux is at least two orders of
magnitude larger than the corresponding isotropic flux, i.e. ∼ 10−20 (GeV · cm2 · s · sr)−1 .
According to Refs. [284, 285, 286, 60, 67], such a large flux could in principle come from
a transient point source, such as blazar, supernova burst, gamma-ray burst, or starburst
galaxy, in the northern sky. In Refs. [67, 60], upper bounds on the strength of neutrino flux
from point sources in the north sky are given as ∼ 3.2 × 10−20 (GeV · cm2 · s · sr)−1 around
0.5 EeV. The ANITA collaboration [247] also considered the transient source possibility for
their anomalous events and, in fact, found a supernova candidate well within their expected
angular uncertainty in the sky. The current and future ground arrays, such as Pierre Auger,
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Figure 4.4: The 3σ preferred region (yellow shaded) explaining the ANITA anomalous events
in our RPV-SUSY framework for an average anisotropic neutrino flux of 2 × 10−20 (GeV ·
cm2 · s · sr)−1 . This plot denotes the LLE case with a stau mass of mτe = 2 TeV. The dashed
blue line corresponds to the mean lifetime of the bino τχelab
0 = 0.022 s, obtained from setting
1
0
the χ
e1 decay length to match the average chord length. The horizontal shaded areas are the
excluded regions for single RPV couplings from low-energy experiments [276]. The vertical
shaded regions are the kinematically forbidden regions for the bino decay considered here.
Telescope Array (TA), AugerPrime and TA×4 should be able to shed more light on these
transient sources [287].
Assuming the average strength of the anisotropic sources being Φν ∼ 2 × 10−20 (GeV · cm2 ·
s · sr)−1 with the mass of the RPV-SUSY mediator stau at mτe = 2 TeV, we use Eqs. (4.3)
and (4.11) and perform a statistical analysis to find the 3σ favored region of the parameter
space in the (λijk , mχe01 ) plane, which is shown in Fig. 4.4 as the yellow shaded region. The
dashed blue line shows the relation between the parameters once we set the bino decay length
to be exactly the maximum distance traveled inside Earth, which corresponds to a mean
lab-frame lifetime of τχelab
0 ∼ 0.022 s. The horizontal purple and red shaded regions in Fig. 4.4
1
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are excluded from the Rτ measurements [276]. The vertical shaded region is the kinematically
forbidden region for the bino to decay into a τ -lepton. Combining all the constraints, we find
a window with λi31 ∼ 0.3 and mχe01 ∼ 8 GeV for the new physics parameters to explain the
events observed by ANITA. The stau mass is roughly fixed to lie in the 1–2 TeV region by
√
√
the requirement that mτ̃ = s = 2me Eν , and that Eν should be a few times larger than
the observed cosmic ray energy of 0.2–1 EeV. Such a particle may be observed in current or
future collider experiments. The current LHC lower limits on the stau mass in the RPV-SUSY
scenario is about 500 GeV, derived from multilepton searches [288].

4.3.2

LQD case

As for the LQD case, we can do a similar calculation as for the LLE case described above,
except that we can no longer replace the energy integral in Eq. (4.11) by a delta function,
due to a much broader resonance [cf. Eqs. (4.7) and (4.8)]. Our results for the 3σ preferred
region are shown in Fig. 4.5 (yellow shaded region) for both ν − d (solid contours) and ν − s
(overlapping dashed contours) initial states. The vertical shaded regions are the kinematically
forbidden regions for the bino to decay into pions or kaons, corresponding to the λ0i11 or λ0i21
scenario, respectively. The horizontal shaded regions bounded by the purple and blue solid
lines are excluded from the Vud and Rτ π measurements, respectively [276], which constrain
the ν − d scenario. Similarly, the shaded regions bounded by the red and yellow dashed
lines are excluded from the Qw and RDs measurements, respectively [276], which constrain
the ν − s scenario. Here we have chosen the RH down-squark mediator mass as mde = 1
TeV. We do not include the LH squark contribution, because according to our estimates,
√
the production cross section for a 1-TeV RH down-squark at the s = 13 TeV LHC is 6.2
fb, which is safely below the current upper limit of 13.5 fb [289]. Including the LH squark
contribution increases the cross section to 15.5 fb. The black and green shaded regions in
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Fig. 4.5 are the exclusion regions based on a recent update of the LHC constraints on the
LQD couplings λ0211 and on λ0221 , respectively [290].
Based on these bounds, we find that there is allowed parameter space at 3σ for the λ0i21
scenario (ν − s initial state), whereas for the λ0i11 scenario (ν − d initial state), there is a
smaller 3σ range with λ0i11 ∼ 0.07 − 0.1 and mχe01 ∼ 7 − 10 GeV allowed. Increasing the
squark mass moves the 3σ contours to larger λ0 values, which are excluded by the Vud and
Qw measurements [276]. Thus, we predict that if our LQD-type RPV-SUSY interpretation
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Figure 4.5: The 3σ preferred region (yellow shaded) explaining the ANITA anomalous events
in our RPV-SUSY framework for an average anisotropic neutrino flux of 2 × 10−20 (GeV ·
cm2 · s · sr)−1 .This plot denotes the LQD case with a down-squark mass of mde = 1 TeV.
The dashed contours are for ν − s initial state, while the solid contours are for ν − d initial
state. The solid and dashed contours align with each other quiet good and do not show
substantial difference. The tiled dashed blue line corresponds to the mean lifetime of the
bino τχelab
e01 decay length to match the average chord
0 = 0.022 s, obtained from setting the χ
1
length. The horizontal shaded areas are the excluded regions for single RPV couplings from
low-energy experiments [276]. The vertical shaded regions are the kinematically forbidden
regions for the bino decay considered here.
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of the ANITA events is correct, then a TeV-scale squark should be soon found at the LHC.
Another independent test of the allowed parameter space shown in Fig. 4.4 might come soon
from the Belle II upgrade [291], which could significantly improve the Rτ measurements.
Note that there is no LEP limit on our light bino scenario, because the Z decay to binos is
forbidden at the tree level. In fact, there is no lower limit for the bino mass, as long as it is
not the dark matter candidate [292]. Similarly, the stringent cosmological bounds on RPV
couplings from the requirement that any baryon or lepton number violating interactions in
equilibrium down to the electroweak scale could spoil the mechanism of baryogenesis due to
fast electroweak sphaleron processes [293] can be avoided in our setup, because the mediator
slepton/squark mass is at the TeV-scale and a low-scale baryogenesis could happen after they
freeze out.

4.4

Connection with IceCube

Explanations for the ANITA anomalous events which proceed via the decay of a τ lepton
predict the presence of throughgoing track events at IceCube. While a few events exist which
may be interpreted as being of this kind [252, 271], their energies are one to two orders
of magnitude smaller than those inferred for the events at ANITA. It is therefore worth
exploring models which predict fewer or no throughgoing track events at IceCube. For both
of the models presented in Section 4.2, only a fraction of events will proceed via a τ decay. A
variation on the LQD model may produce no ice-penetrating charged lepton signature at all.
For example, a model making use of a Li Q3 Dk vertex would mean no χ
e01 → td¯k `i decay for
mχe01 < mt , while a L1 Qj Dk would lead to an electron which does not penetrate ice. In this

case, the leading IceCube signature is χ
e01 decay within the volume of the IceCube detector,
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which is suppressed in rate compared to ANITA by an additional factor of hIC /hANITA ∼ 1/10,
in comparison with the throughgoing track signature.

4.5

Conclusion

We have explored a RPV-SUSY interpretation of the two anomalous upgoing air showers seen
by ANITA. In our framework, the UHE neutrino interacts with Earth matter to resonantly
produce a squark/slepton, which then decays to a long-lived bino, whose decay products are
responsible for the upgoing air shower. We considered both LLE and LQD-type interactions
and our main results are given in Fig. 4.4 and Fig. 4.5. We find that a light bino of a few
GeV mass and the RPV couplings of order 0.1 provide the best-fit solution to the ANITA
events. In the LLE case, a stau of mass around 2 TeV, and in the LQD case, a down-type
squark of mass around 1 TeV are predicted, which should be accessible by the next run of the
LHC. The Belle II upgrade will provide a complementary low-energy probe of the allowed
parameter space. Our hypothesis could be completely tested with more events at ANITA-IV
(and beyond), as well as by IceCube in the future. It would be remarkable if weak-scale
supersymmetry was discovered in such an unexpected way!
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Chapter 5
Combined Explanation of B Anomalies,
(g − 2)µ and ANITA Anomalies in a
Minimal RPV-SUSY Framework

This chapter is based on my work with Wolfgang Altmannshofer, Amarjit Soni and
P.S. Bhupal Dev, [294].
©2020 American Physical Society.

5.1

Introduction

In this chapter, we will explore further under the framework of RPV-SUSY. Our main focus
expands from ANITA anomalous events to the famous Lepton Flavor Universality Violation
(LFUV) phenomenon in rare B decays [295, 296, 297, 298, 299, 300, 301, 302, 303, 304]
and the long lasting anomalous magnetic dipole moment of muon [305, 230]. We adopt
the scenario of RPV-SUSY where the third generation superpartners lighter than the other
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two generations (hence dubbed as ‘RPV3’), which is proposed in [306] to explain the RD(∗)
anomaly and its possible interconnection with the radiative stability of the SM Higgs boson.
The basic idea behind this setup comes from the simple observation that the RD(∗) anomaly
involves b and τ , both members of the third fermion family. On the other hand, it is again
another third-family fermion, namely, the top quark, that is primarily responsible for the
Higgs naturalness problem in the SM. The best known candidate theory for addressing the
naturalness problem is (still) low-scale SUSY. However, given the null results in direct SUSY
searches at the LHC so far [230, 307, 308], SUSY solutions to naturalness have become less
appealing. As argued in Ref. [306] (see also Ref. [309]), the RPV3 framework which assumes
only the third-family fermion to be effectively supersymmetric at the low-scale, while the
sfermions belonging to the first two families are decoupled from the low-energy spectrum,
provides a simple and minimal solution to the naturalness issue, while being consistent with
the LHC constraints so far [310, 311], as well as preserving the attractive features of SUSY,
such as gauge-coupling unification10 and the existence of dark matter candidate(s).
Our goal in this chapter is to see if we can carve out a common allowed parameter space
within the RPV3 framework where the regions favored by the B-anomalies can overlap with
the muon (g − 2) and the regions favored by UHE neutrino events from ANITA, while being
consistent with all relevant theoretical and experimental constraints.
For simplicity, we consider three different versions of our scenario enumerated later, based on
certain symmetry arguments, and in each case, we investigate whether there is any available
parameter space where all these anomalies can coexist. In one of the three scenarios we find
a common overlap region at 3σ confidence level (CL) satisfying all the anomalies, while in
the other two simpler scenarios not all the four anomalies could be accounted for, but a
10

As shown in Ref. [306], gauge coupling unification occurs regardless of whether only one, two, or all three
fermion families are supersymmetrized at the TeV scale.
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combination of either two or three of them could coexist. To the best of our knowledge, this
is the first analysis of its kind to unify the B-anomalies with the muon g − 2 and ANITA
anomalies in a single testable framework. In passing, let us also mention that while in the
past few years many papers [312, 313, 314, 315, 316, 317, 318, 319, 320, 321, 322, 323, 324,
325, 326, 327, 328, 329, 330, 331, 332, 333, 334, 335, 336, 337, 338, 339, 340, 341, 342, 343,
344, 345, 346, 347, 348] jointly discuss both RD(∗) and RK (∗) anomalies, only a few [313, 316,
320, 336, 338] also simultaneously address the muon (g − 2) or ANITA [331], but not both
together.

5.2

The Anomalies

In this section, we critically assess the status of each of the experimental anomalies to be
subsequently addressed in our RPV3 framework. Although we indulge in a BSM explanation
of the anomalies using our RPV3 scenario, and even though the global pull of the B anomalies
against the SM appears to be over 5σ [349] (see Table 5.1), its interpretation as robust
evidence of LFUV does not seem compelling to us at this point. It is quite plausible that
the resolution of some of these anomalies may well lie in fluctuation of one or more of these
experimental results by a few σ.
In Table 5.1 we summarize the B-anomaly and muon g − 2 and their pulls. When combining
the pulls of several observables we treat all observables as independent degrees of freedom.

5.2.1

B Anomalies and Lepton Flavor Universality Violation

In particular, hints for LFUV are seen in both charged current tree-level and neutral current
one-loop rare decays of B-mesons, based on the b → c`− ν̄ (with ` = e, µ, τ ) and b → s`+ `−
(with ` = e, µ) transitions. The corresponding observables are typically denoted as the
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Observable

RD(∗) , RJ/ψ

RK (∗)

(g − 2)µ

All but (g − 2)µ

All

Pull

3.3σ (2.2σ)

3.4σ

3.3σ

4.5σ (3.7σ)

5.3σ (4.6σ)

Table 5.1: Summary of the anomalies in the observables RD(∗) , RJ/ψ , RK (∗) , and (g − 2)µ .
Listed are the pulls of various subsets of observables. The pulls are combined assuming the
observables are independent from each other. The values in parenthesis exclude the BaBar
results for RD(∗) .
following ratios of branching ratios (BRs):

RD(∗)

=

RK (∗)

=

BR(B → D(∗) τ ν)
(with ` = e, µ) ,
BR(B → D(∗) `ν)
BR(B → K (∗) µ+ µ− )
,
BR(B → K (∗) e+ e− )

(5.1)
(5.2)

where D∗ and K ∗ denote excited states of D and K mesons, respectively. These ratios of
BRs are interesting observables due to several reasons:
(i) Different experiments with completely independent data sets, namely, BaBar [295],
Belle [296, 297, 298] and LHCb [299, 300] for RD(∗) , as well as LHCb [301, 302] and
Belle [303, 304] for RK (∗) , have reported results for these observables, thus reducing the
chances of a statistical fluctuation.
(ii) Such ratios are theoretically clean observables, i.e., with strongly suppressed hadronic
uncertainties, thus making them less vulnerable to higher-order quantum corrections [350,
351].
(iii) LFUV is intimately linked with lepton flavor violation (LFV) [352], which is another
‘clean’ signal of BSM physics.
(iv) There are only a few BSM candidates discussed in the literature, typically involving
scalar or vector leptoquarks [312, 313, 314, 315, 316, 317, 318, 319, 320, 321, 322, 323,
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324, 325, 326, 327, 328, 329, 330, 331, 332, 333, 334, 335, 336, 337, 338, 339] (see
however Refs. [340, 341, 342, 343, 344, 345, 346, 347, 348]) for other plausible BSM
explanations) that can simultaneously account for both RD(∗) and RK (∗) anomalies,
while being consistent with all other theoretical and experimental constraints [230, 353].

Here we briefly review the current experimental results on these observables and the significance of the discrepancies with respect to the SM predictions.
RD , RD∗ and RJ/ψ
Measurements of RD(∗) exist from BaBar [295], Belle [296, 297, 298], and LHCb [299, 300].
Combining all these, we find

RD

=

0.337 ± 0.030 ,

(5.3)

RD∗

=

0.299 ± 0.013 ,

(5.4)

with an error correlation between RD and RD∗ of ρ = −38%. This is in very good agreement
with the average from the Heavy Flavor Averaging Group (HFLAV) [353]. Our RD(∗)
combination is shown in the left plot of Fig. 5.1. For the SM predictions we use in our analysis
SM
RD

=

0.299 ± 0.011 [354] ,

(5.5)

SM
RD
∗

=

0.260 ± 0.008 [355] .

(5.6)

Note that the above uncertainties are somewhat larger than those quoted in e.g. Refs. [351,
356, 357], but we prefer to be conservative for reasons described below.
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Figure 5.1: Experimental averages (shown by the blue dot for the best-fit and darker-tolighter shaded regions for 1σ, 2σ, 3σ) and SM predictions (shown by red error bars) for the
LFUV observables RD and RD∗ (left), as well as RK and RK ∗ (right). The values for RK (∗)
correspond to a dilepton invariant mass squared of 1.1 GeV2 < q 2 < 6 GeV2 . Individual 1σ
regions from Belle, LHCb, and BaBar are also shown by the dotted, dashed, and dash-dotted
contours, respectively.
LFUV in the same quark-level transition can also be probed by the decay Bc → J/ψ `ν. The
corresponding experimental result from LHCb reads [358]

RJ/ψ =

BR(Bc → J/ψ τ ν)
= 0.71 ± 0.17 ± 0.18 ,
BR(Bc → J/ψ `ν)

(5.7)

whereas the SM prediction is [359, 360, 361, 362, 363, 364]
SM
RJ/ψ
= 0.26 ± 0.02 .

(5.8)

The SM predictions of the individual observables disagree with the experimental results by
1.4σ (RD ), 2.5σ (RD∗ ), and 1.7σ (RJ/ψ ). The combined discrepancy between the quoted SM
predictions and our experimental average is 3.3σ, as shown in Table 5.1.
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A few remarks are in order on the theoretical and experimental errors.

(i) Lattice calculations for B → D semileptonic decay are fairly mature by now with stated
errors up to around 4% [365, 354, 366]. However, these quoted errors so far do not
include corrections due to soft photons with energy below the experimental threshold;
these corrections could be around a few % [367]. These calculations may also need to
be corrected for electromagnetic and isospin effects, e.g difference between charged and
neutral B decays etc.
(ii) For B → D∗ semileptonic case there appear to be more serious issues with the theory
calculations. An important point that needs to be considered seriously is that since
D∗ carries spin, its production and decay cannot be rigorously factorized. In fact in
a construction of the quantum amplitude the production from B → D∗ `ν must be
correlated with the final decay, say D∗ → Dπ, with an appropriate spin-1 D∗ propagator
with its width. It is quite likely that unless this effect is correctly taken into account
both the extraction of Vcb and RD∗ suffer from some inaccuracies.
(iii) Moreover, for B → D∗ transition, a complete lattice calculation with the full q 2 dependent form-factors does not exist yet and from the lattice perspective given that
for a vector final state there are four and not two form-factors (unlike the case of a
pseudoscalar final state), it is difficult to see why the theory errors for the case of RD(∗)
should not be appreciably bigger than for RD [cf. Eqs. (5.5) and (5.6)].
(iv) There may also be a rather serious concern, at present, on the experimental side, namely,
most of the experimental results so far using the leptonic τ → µνν decays involving two
neutrinos seem to indicate somewhat larger deviations from theoretical expectations
based on the SM compared to two recent measurements, one from LHCb [300] and the
other from Belle [297] which use τ → hadron(s) + ν; see Table 5.2. Although the error
90

in each class of measurements is rather large so that the difference in the central values
is not different by a significant amount, this difference needs to be better understood
as it may originate from some important experimental systematics. Superficially, for
example, τ decays involving two neutrinos in the final state appear more vulnerable to
backgrounds from higher D∗ resonances. Theoretical estimates on such contaminations
are quite unreliable and they should be subtracted by using experimental measurements,
which can be quite challenging.
(v) Another issue on the experimental side that is somewhat disconcerting is that the very
first experimental results on the charged-current anomaly came from BaBar [295] and
they seem to indicate the most significant deviations from the SM; in contrast, all the
Belle results seem to show only mild deviations [cf. Table 5.2]. That is why excluding
the BaBar results leads to a smaller pull of only 2.2σ for RD(∗) , as shown in Table 5.1.
The concerns regarding theory errors voiced above in (i)–(iii) on the charged-current anomaly
not withstanding, we also want to stress that at this point the theory errors are subdominant
and unlikely to be the sole cause of the discrepancy.
Moreover, there is also an intriguing aspect of data from all three experimental groups on
these semileptonic decays that is quite interesting and deserves attention. Table 5.2 shows all
available results to date indicating whether the other B in the event was tagged hadronically
or semileptonically and whether the τ decayed leptonically or hadronically. Table 5.2 also
includes the RJ/ψ ratio from similar semileptonic decays of Bc to J/ψ τ (`)ν. Altogether there
are 11 entries and it is quite remarkable that the experimental central value of the R-ratio
for each of these is always without exception above the central value predicted by the SM.
Note that the 11 experimental results in Table 5.2 are not all completely independent. In
fact in some cases, these are just updates of ongoing analyses with more data. Nevertheless,
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Experiment

Tag method

τ decay mode

RD

RD∗

Babar (2012) [295]

hadronic

`νν

0.440 ± 0.058 ± 0.042

0.332 ± 0.024 ± 0.0.018

Belle (2015) [296]

hadronic

`νν

0.375 ± 0.064 ± 0.026

0.293 ± 0.038 ± 0.015

LHCb (2015) [299]

hadronic

`νν

-

0.336 ± 0.027 ± 0.030

Belle (2016) [296]

semileptonic

`νν

-

0.302 ± 0.030 ± 0.011

Belle (2017) [297]

hadronic

π(ρ)ν

-

0.270 ± 0.035 ± 0.027

LHCb (2017) [300]

hadronic

3πν

-

0.291 ± 0.019 ± 0.029

Belle (2019) [298]

semileptonic

`νν

0.307 ± 0.037 ± 0.016

0.283 ± 0.018 ± 0.014

LHCb (2016) [358]

hadronic

`νν

-

-

0.71 ± 0.17 ± 0.18

SM

-

-

0.299 ± 0.011 [354]

0.260 ± 0.008 [355]

0.26 ± 0.02 [359]

RJ/ψ

Table 5.2: All experimental results announced to date on RD , RD∗ and RJ/ψ versus the
predictions of those in the SM.
many among these are independent and so the fact that so many experimental measurements
are above the SM predictions is quite noteworthy.11
RK and RK ∗
The most precise measurement of the LFUV observable RK comes from LHCb [302]:
+0.016
RK = 0.846+0.060
−0.054 −0.014 ,

(5.9)

with the dilepton invariant mass-squared in the range 1.1 GeV2 < q 2 < 6 GeV2 . The SM
SM
predicts RK
' 1 with %-level accuracy [350], corresponding to a ∼ 2.5σ tension with the

experimental result.
11

For an important famous reminder from our past history that sometimes many early experimental results
can be somewhat incompatible with theoretical expectations, see Ref. [10], in particular their discussion of
the “Michel parameter" in muon decay on p. 448, Fig. 6.
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The most precise measurement of RK ∗ is from a Run-1 LHCb analysis [301] that finds

RK ∗ =




0.66+0.11 ± 0.03 ,
−0.07



0.69+0.11
−0.07 ± 0.05 ,

(5.10)

where the first and second values correspond to a q 2 range of 0.045 GeV2 < q 2 < 1.1 GeV2 and
1.1 GeV2 < q 2 < 6 GeV2 , respectively. The result for both q 2 bins are in tension with the SM
SM
prediction, RK
∗ ' 1 [350], by ∼ 2.5σ each. Since the systematic errors here are subdominant,

it is reasonable to add the deviations in these two bins in quadrature. Treating the two bins
as independent observables we thus find that the deviations from the SM in RK ∗ amounts to
about 2.9σ.
Recent results for RK ∗ and RK by Belle have sizable uncertainties and are compatible with
both the SM predictions and the LHCb results. For the 1.1 GeV2 < q 2 < 6 GeV2 bin, Belle
finds [303, 304]

RK

=

0.99+0.27
−0.23 ± 0.06 ,

(5.11)

RK ∗

=

0.96+0.45
−0.29 ± 0.11 .

(5.12)

In the right plot of Fig. 5.1 we show the combination of the LHCb and Belle results for RK (∗)
in the 1.1 GeV2 < q 2 < 6 GeV2 bin compared to the SM prediction. Combining the Belle and
LHCb results, we get a net pull of 3.4σ in RK (∗) as shown in Table 5.1.
Unlike the charged-current semileptonic decays, in the case of FCNC decays B → K (∗) `+ `− ,
there are hardly any nagging theoretical issues. So long as the lepton pair invariant mass is
larger than about 500 MeV, the SM prediction for the ratio is rather clean and unambiguous.
The reservation one may have is only about light lepton invariant mass, say below 500 MeV.
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Then there is a concern that the electron pair may receive appreciably different radiative
corrections from the muon pair [350].
The primary concerns about µ − e universality violation in FCNC is experimental. Of
course the effects are only a few σ. Moreover, it is only one experiment, i.e. LHCb, and an
independent confirmation by Belle II would be highly desirable. Also, if it is genuine LFUV
it ought to show up irrespective of hadronic final states in B-decays. Thus one should see the
corresponding b → s FCNC decays materializing into baryonic and other final states, such as
Λb → Λ`+ `− . It also should not depend on the spectator quark. Thus charged and neutral
B and also Bs decays ought to exhibit similar signs of LFUV. In particular, LHCb already
seems to have indications that the observed rate for Bs → φµ+ µ− is seemingly below “SM”
expectations [368] but the absolute rate calculations may suffer from some long-distance (nonlocal) contaminations, so a direct test of µ − e universality via a measurement of Bs → φe+ e−
would be very valuable.
Let us briefly add that we are primarily focusing on the LFUV anomalies as they are
theoretically cleaner and for now we are choosing not to include some other possible indications
of deviations from the SM, such as angular observables or absolute rate for B → K (∗) µ+ µ− [349,
369, 370, 371, 372, 373]) and also rate for Bs → φµ+ µ− [368] as in these cases there can be
non-perturbative contributions from non-local effects especially in the region of low q 2 that
are not under full theoretical control.
Before closing this subsection, it is worth pointing out here that the hints of LFUV are only
seen in the semileptonic B-decays. Analogous semileptonic decays of charmed mesons do
not show any such deviations from the SM. For instance, BESIII has recently reported a
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measurement of the ratio of BRs in the D+ -decay [374], viz.
BR(D+ → ωµ+ νµ )
= 1.05 ± 0.14 ,
BR(D+ → ωe+ νe )

(5.13)

which agrees with the SM prediction (0.93 − 0.96) [375, 376] within uncertainties. This further
justifies our approach of linking the B-anomalies to BSM physics treating the third family as
special.

5.2.2

Muon g − 2

Another interesting observable that has since long time been hinting towards BSM physics is
the anomalous magnetic moment of the muon. The existing BNL experimental result [305]
for the (g − 2)µ reads [230]
aexp
= (11, 659, 209.1 ± 5.4 (stat) ± 3.3 (sys)) × 10−10 .
µ

(5.14)

The (g − 2) experiment at Fermilab [377] is expected to improve the experimental accuracy
by a factor of about four in the next few years.
The SM prediction for aµ can be decomposed in contributions from QED, from the electro-weak
interactions, from hadronic vacuum polarization and from hadronic light-by-light scattering:
LbL
aSM
= aQED
+ aEW
+ aVP
,
µ
µ
µ
µ + aµ

(5.15)

The QED and electro-weak contributions are known with high accuracy [378, 379]
aQED
µ

=

(11, 658, 471.897 ± 0.007) × 10−10 ,

(5.16)

aEW
µ

=

(15.36 ± 0.10) × 10−10 .

(5.17)
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The hadronic vacuum polarization contribution can be determined using e+ e− → hadrons
data and dispersion relations. A recent such analysis gives [380] (see also Ref. [381])
aVP
= [(693.9 ± 4.0) − (9.9 ± 0.1) + (1.24 ± 0.01)] × 10−10 ,
µ

(5.18)

where the first, second and third terms correspond to the LO, NLO, and NNLO contributions,
respectively. The value is in good agreement with the findings of a hybrid approach that
uses the best part of lattice results along with the best part of the experimental data and
continuum dispersion relation data [382], and tends to favor the BSM interpretation of the
data. This is particularly significant since in the traditional R-ratio dispersion analysis there
is appreciable concern due to the discrepancy of ≈ 2σ between the BaBar data and the KLOE
data [383]. Indeed the lattice hybrid approach does not use the somewhat conflicting input
data from BaBar or KLOE.
A recent model estimate of the light-by-light contribution reads [384, 385, 386]
aLbL
= (10.1 ± 2.6) × 10−10 ,
µ

(5.19)

Important lattice results for the light-by-light contribution have recently become available [387].
These are consistent with phenomenological estimates and reinforce the expectation that they
are quite small ≈ 10 × 10−10 compared to the hadronic vacuum polarization contribution
≈ 700 × 10−10 [382].
Combining the results collected above leads to a discrepancy between experiment and SM
prediction at 3.3σ CL [380]:
SM
∆aµ = aexp
= (26.1 ± 7.9) × 10−10 .
µ − aµ
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(5.20)

For this anomaly the next year is likely to be pivotal. The new Muon (g − 2) experiment
at Fermilab [377] already seems to have collected about two times the data used by the
BNL experiment; the analysis of that accumulated data is expected in the next few months.
How this new result compares with the previous BNL result would be crucial for the BSM
interpretation.
On the lattice front, about a factor of 3 reduction in the error is anticipated in the next few
months by the RBC-UKQCD Collaboration [388] and this could also have a critical bearing
on the BSM interpretation. Also phenomenological approaches are pursued both for the
hadronic vacuum polarization and the light-by-light scattering contribution [389, 390, 391,
392, 393]. At the moment, the so-called “hybrid" method of RBC-UKQCD [382] which uses
part of the continuum dispersive calculation and in part the lattice calculation in regions
which complement each other seems to tentatively favor the BSM interpretation. But it
would be much better if pure lattice techniques can further reduce their error by factor of 2 to
3 so it does not use any input from experiment especially since two of the best experimental
results from KLOE and BaBar have ≈ 2σ disagreement between them. Therefore pure lattice
calculations with reduced errors would be very welcome in providing input for the fate of the
BSM interpretation in muon g − 2. It appears we will need to wait for another year or so for
this to happen.
The theory uncertainty on the hadronic vacuum polarization contribution can also be reduced
by about a factor of 2 at the proposed MUonE experiment [394, 395] which will make a
very high-precision measurement of elastic µ − e scattering at a QED-dominated momentum
exchange of q 2 = O(100 MeV)2 . This measurement will be quite robust and insensitive to
any BSM physics that could be responsible for the muon (g − 2) anomaly [396, 397].
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5.2.3

Anomalous ANITA Events

The ANITA experiment [398], as we introduced in the last chapter, is primarily designed
for the detection of the ultra-high energy (UHE) cosmogenic neutrino flux via the Askaryan
effect in ice [54]. However, its recent anomalous observation for two upward-going events
9
with deposited shower energies of 0.6 ± 0.4 EeV [246] and 0.56+0.3
−0.2 EeV [247] (1 EeV = 10

GeV) poses considerable difficulty for interpretation of such events within the SM framework
due to the low survival rate (. 10−6 ) of EeV-energy neutrinos over long chord lengths in
Earth∼ 7000 km. Moreover, as pointed out in earlier studies [215, 331, 399, 400], the strength
of isotropic cosmogenic neutrino flux needed to account for the two events is in severe tension
with the upper limits set by Pierre Auger [263, 401] and IceCube [402, 403]. Therefore, a
BSM explanation with an anisotropic astrophysical source with some exotic generation and
propagation mechanism of upgoing events is desirable to solve the ANITA anomaly. As we
have discussed in details in Chapter 4, RPV-SUSY could be an ideal framework to interpret
the anomalous events due to the special property of the neutral bino particle in the theory.
In what follows, we will provide an explanation of the ANITA anomaly, in conjunction with
the B-anomalies and the (g − 2)µ anomaly discussed above, within our RPV3 framework.12

5.3

RPV Explanation of the Anomalies

As we suggested before [306], RPV SUSY is a particularly interesting theoretical framework
to address the flavor anomalies. For one thing, for the charged-current tree level indication of
BSM physics, RPV is a natural candidate and if LFUV is involved then this is especially so.
Moreover, since members of the third family, namely, b and τ are involved in B → D(∗) τ ν, it
12

For alternative BSM interpretations of the ANITA anomaly, see e.g. Refs. [266, 267, 268, 269, 270, 404,
405, 406, 407, 408, 409, 410, 411, 412, 413].
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may well be that this anomaly is a hint that it is related to the issue of the radiative stability
of the Higgs mass which is an important persistent problem of the SM. Motivated by the
naturalness arguments and to keep the RPV SUSY scenario minimal, for reasons of simplicity,
we have suggested that it may well be that the third generation superpartners are the lightest.
In that scenario proton stability issues are less relevant and for that reason too R-parity
breaking is a viable option [309]. Lastly, we have shown that even with such an economical
setup involving effectively only one generation of superpartners a very attractive feature of
SUSY, namely unification, is retained. Finally we also want to remark that our objective is
to use the latest experimental data with the current set of indications to constrain as best we
can the parameters of this interesting theoretical construction.
We start from the LQD part of the RPV SUSY Lagrangian that contains the λ0 couplings
which are relevant for an explanation of RD(∗) [306, 414, 415, 416, 417, 418, 419, 420] and
RK (∗) [421, 416, 422, 423, 417, 419, 424]:

c
LLQD = λ0ijk νeiL d¯kR djL + dejL d¯kR νiL + de∗kR ν̄iL
djL

−e
eiL d¯kR ujL − u
ejL d¯kR eiL − de∗kR ēciL ujL + H.c.

(5.21)

As we will see below, for explanations of the RK (∗) anomaly and the (g − 2)µ anomaly it
is useful to also include the effect of the LLE part of the RPV SUSY Lagrangian which
contains the λ couplings [417]:

LLLE =


1
c
λijk νeiL ēkR ejL + eejL ēkR νiL + ee∗kR ν̄iL
ejL
2

− (i ↔ j) + H.c.

(5.22)

One thing to keep in mind is that the λ couplings are anti-symmetric in the first two indices:
λijk = −λjik . Also note that the simultaneous presence of λ and λ0 couplings is consistent
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with proton decay constraints, as long as we do not switch on the relevant λ00 (U DD-type)
couplings.13
Following Ref. [306], throughout this chapter we will assume, for minimality, that the thirdgeneration squarks, sleptons and sneutrinos are considerably lighter than the first and second
generation ones. Integrating out the heavier SUSY particles we therefore can neglect the
first and second generation sfermions, as their effect is suppressed by a higher mass scale in
the RPV3 scenario. Out of the 27 independent RPV couplings λ0ijk in Eq. (5.21) and the
9 independent λijk in Eq. (5.22), there are 19 λ0 -type and 7 λ-type couplings that involve
light third generation sfermions, namely, the right-handed sbottom ebR , left-handed stop e
tL ,
left-handed tau-sneutrino νeτ and both left- and right-handed staus τeL,R . We will treat these
five masses as free parameters in our numerical analysis in Section 5.4. In addition, we require
a light long-lived bino (e
χ01 ) for the ANITA anomaly as discussed in Section 4.
As for the choice of couplings, we first analyze each of the experimental anomalies discussed
above in the RPV-SUSY context and show the dependence of the observables on the relevant
couplings. Then in the following Section 5.4, we present three different scenarios for our
parameter set-up and the corresponding fit results.

5.3.1

Explanation of RD and RD∗

In Ref. [306] we had identified BSM contributions to b → cτ ν transitions in the RPV setup,
which can arise at the tree level from sbottom exchange [cf. Fig. 5.2(a)]. The sbottom
exchange leads to contributions to the decay amplitude that have the same chirality structure
as the SM contribution and thus modify RD and RD∗ in a universal way. Here we note that
in the presence of the LLE couplings, also diagrams with light sleptons, in particular a light
The current proton lifetime constraint τp→π0 `+ & 1034 years [425] (with ` = e, µ) leads to a stringent
−27
upper bound of λ0i1k λ00∗
(mdekR /100 GeV)2 (with i = 1, 2) on the RPV couplings [57].
11k . 10
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100

cL

bL

λ0l0 33

b̃R

λ̃0l23

νl 0

λ̃0323
elL

L

elR

bR

(a)

τ̃L

λl0 3l
νl 0

cL

L

(b)

Figure 5.2: Contributions to the RD and RD∗ from λ0 and λ in RPV SUSY: (a) with LQD
couplings only; (b) with both LLE and LQD couplings. Here λe0 ijk is defined as λ0ilk Vjl (with
Vjl being the CKM matrix elements).
left-handed stau, can contribute to the decays [cf. Fig. 5.2(b)]. However, in the scenarios we
will consider below, the left-handed stau will be fairly heavy (specifically, we set mτ̃L = 10
TeV in the benchmark scenarios of Section 5.4) and the corresponding contributions will be
negligible. We will therefore focus only on the sbottom contribution from the diagram in
Fig. 5.2(a).
It is important to note that RD and RD∗ measured by BaBar and Belle correspond to ratios of
the tauonic decay modes to an average of the muonic and electronic modes, while the LHCb
measurements are ratios of tauonic to muonic modes. Using the notation from Ref. [417], we
find in our setup
LHCb
LHCb
RD
|∆c31 |2 + |∆c32 |2 + |1 + ∆c33 |2
RD
∗
,
=
=
SM
SM
|∆c21 |2 + |1 + ∆c22 |2 + |∆c23 |2
RD
RD
∗

(5.23)

where
∆cll0



v2 0
0
0 Vcs
0 Vcd
=
λ0
λl33 + λl23
+ λl13
,
4me2b l 33
Vcb
Vcb
R

v = 246 GeV is the Higgs VEV and Vij are the CKM matrix elements.
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(5.24)

In the case of the B-factories, we instead have
B-fac.
B-fac.
RD
RD
|∆c31 |2 + |∆c32 |2 + |1 + ∆c33 |2
∗
,
=
=
SM
SM
ξe (|1 + ∆c11 |2 + |∆c12 |2 + |∆c13 |2 ) + (1 − ξe )(|∆c21 |2 + |1 + ∆c22 |2 + |∆c23 |2 )
RD
RD
∗
(5.25)

where ξe parameterizes the relative weight of the electronic and muonic decay modes in the
RD(∗) measurements at the B-factories. We note that ξe can in principle be different for
each experimental analysis but we expect ξe ∼ 50% (see e.g. [426]). We explicitly checked
that varying ξe has no significant impact on our results. This is due to the fact that µ − e
universality in b → c`ν decays is observed with high accuracy. Translating the results from
Ref. [427] into our RPV scenario, we have
|1 + ∆c11 |2 + |∆c12 |2 + |∆c13 |2
= 1.022 ± 0.024 .
|∆c21 |2 + |1 + ∆c22 |2 + |∆c23 |2

(5.26)

Therefore, it is an excellent approximation to combine the LHCb and B-factory results as
done in Section 5.2.1. In that case we find14
RD∗
RD
= SM = 1.15 ± 0.04 ,
SM
RD
RD∗

(5.27)

both for the LHCb and the B-factory expressions [cf. Eqs. (5.23) and (5.25)].
Implications of the observed q 2 distribution and of the D∗ polarization
Recently, Ref. [428] in an interesting study have included q 2 (where q is the 4-momentum
carried by the leptonic pair) and also the longitudinal polarization of the D∗ in addition
to the integrated rates in order to discriminate against models. To analyze the data in a
model independent manner they allow all possible current structures in the weak Hamiltonian
14

The parameter space explaining the RD(∗) data automatically explains the RJ/ψ data, because the
underlying transition is the same b → c`ν. Therefore, we do not discuss the RJ/ψ fits separately.
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subject only to the constraint that only left-handed neutrinos are involved in the interaction;
thus,
4GF 
b→c`ν
Heff
= √ Vcb (1 + CVL ) OVL + CVR OVR
2

+ CSR OSR + CSL OSL + CT OT + H.c.

(5.28)

with the operators

OVL,R = (c̄ γ µ bL,R ) `¯L γµ ν`L ,

OSL,R = (c̄bL,R ) `¯R ν`L ,

OT = (c̄ σ µν bL ) `¯R σµν ν`L ,

(5.29)

and weighted by the corresponding Wilson coefficients Ci . In this representation, the operator
OVL is of special significance as it encapsulates the SM interaction. In their study of the
existing experimental data, Ref. [428] find that the simplest solution to the charge-current
anomaly is with a small non-vanishing value of CVL ≈ 0.08, with all other C’s equal to zero.
This has the important consequence that the polarization of the D∗ or for that matter of the
τ will not be different from the SM. Recently Belle collaboration reported, for the longitudinal
polarization of the D∗ [429]
FL (D∗ ) = 0.60 ± 0.08(stat) ± 0.04(sys) ,

(5.30)

which is in mild tension of about 1.6 σ with the SM which predicts [430, 431, 432]
FL (D∗ )SM = 0.46 ± 0.03 .
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(5.31)

In the past ≈ 2 years, Belle collaboration has also attempted to measure the polarization of
the τ and found [297]
Pτ (D∗ ) = −0.38 ± 0.51(stat) ±+0.21
−0.16 (syst)

(5.32)

At this point this result on tau polarization within its large errors is consistent with the SM
expectations of [433]
Pτ (D∗ )SM = −0.497 ± 0.013 .

(5.33)

The fact that the experimentally observed q 2 distribution in the semileptonic B → D(∗)
decays supports a small non-vanishing value, CVL ≈ 0.08 is also very significant for our
RPV3 BSM scenario. One can see from Eq. (5.21) that as long as only the LQD interactions
are relevant, in RPV3 the dimension-6 effective interaction for the semileptonic decays is
essentially identical to the (V − A) × (V − A) structure of the SM effective Hamiltonian with
the difference being just in the overall coefficient. Whereas in the SM the overall coefficient is
√
GF × Vcb / 2, RPV3 has the overall coefficient λ0 × λ0 /me2b . Thus the coefficient, CVL ≈ 0.08 is
consistent with meb ≈ 2 TeV for λ0 . 0.5, as we will explicitly see below in the numerical fits.
Bino Contribution
There is an additional contribution to the B → D(∗) `ν decays that can arise in our RPV
scenario. If the bino, χ
e01 , is extremely light and has a very long lifetime (as motivated by an

explanation of the ANITA anomaly, see Section 5.3.4 below), then the decays B → D(∗) `χ
can be open and mimic the B → D(∗) `ν decays. In this case, we could have the B → D(∗) `χ
processes via either left-handed stau or right-handed sbottom exchange which effectively give
contributions to operators of the form (c̄PR b)(τ̄ PR χ) and (c̄σµν PR b)(τ̄ σ µν PR χ).
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As shown in Fig. 5.3, there are two possible diagrams for the b → cτ χ
e01 decay process. In
theory, the vertex with bτe
c may also give rise to a third diagram but we only consider the
third generation of sparticles to be light, so that diagram will not be considered here.

(a)

(b)

Figure 5.3: Contributions to b → cτ χ from (a) left-handed stau, and (b) right-handed
sbottom.

The effective Hamiltonian for the two diagrams could be written respectively as:

H1 '

∗
1
(−1)λe0 323 (−i(Aτχe)∗ )(c̄L bR )(χ̄Lτ )†
2
mτeL

∗
λe0 323 (Aτχe)∗
(c̄PR b)(τ̄ PR χ) ,
= i
m2τeL
∗
1
H2 '
(−1)λe0 323 (iBχbe)(c̄L τLc )(χ̄Rb)
2
meb

(5.34)

R

∗
λe0 323 Bχbe
= (−i)
(c̄L τLc )(χ̄PR b) ,
me2b

(5.35)

R

e0 = λ0 Vjl , Aτ is a linear combination of the SU (2)L and U (1)Y gauge couplings in
where λ
ilk
ijk
χ
e

the sparticle sector, and Bχbe is related to the U (1)Y gauge coupling g 0 ; for the exact definitions
of A and B, see Eqs. (8.88a) and (8.88c) in Ref. [434]. Via Fierz transformation and using
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the property of charge-conjugate operator, we could rewrite H2 in a similar fashion as H1 :
∗
λe0 323 Bχbe
H2 ' (−i)
[4(c̄Rb)(τ̄ Rχ) − (c̄Rσµν b)(τ̄ σ µν χ)] .
8me2b

(5.36)

R

To compare with the SM contributions, we can rewrite both H1 and H2 into the form of
standard Wilson coefficients multiplying the corresponding operators [cf. Eq. (5.28)]:
4GF
extra
Heff
= √ Vcb [CSR OSR + CTR OTR ] ,
2

(5.37)

with the following Wilson coefficients which are the dominant ones in our RPV3 scenario:

CSR
CT R

√ ∗
i 2λe0 323
=
4GF
√ ∗
i 2λe0 323
=
4GF

(Aτχe)∗
Bχbe
−
m2τeL
2me2b
R
!
b
Bχe
,
8me2b

!

,

(5.38)
(5.39)

R

and the operators defined as:
(5.40)

OSR = (c̄PR b)(τ̄ PR χ
e) ,

(5.41)

OTR = (c̄PR σµν b)(τ̄ σ µν χ
e) .

With these expressions, we could easily compare the contribution to the decay width from
the extra channel and from the SM. We define the following ratio:

extra
Rint

≡ R

R

χ
e)
dq 2 dΓ(B→Dτ
dq 2

ν̄τ )SM
dq 2 dΓ(B→Dτ
dq 2
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,

(5.42)

where

dΓ(B→Dτ ν̄τ )SM
dq 2

and

dΓ(B→Dτ χ
e)
dq 2

could be written as [428]:

2

dΓ(B → Dτ ν̄τ )SM
m2τ
∝ 1− 2
dq 2
q



2
2 3 m2τ

mτ
s 2
s
× 1+ 2
HV,0 +
HV,t
,
2q
2 q2

(5.43)

and
2 

dΓ(B → Dτ χ
e)
3
(mτ + mχ )2
|CSR |2 (HSs )2
∝ 1−
2
2
dq
q
2



2(mτ + mχ )2
2
s 2
+8|CTR | 1 +
(HT ) ,
q2

(5.44)

s
s
where HV,0
, HV,t
, HSs and HTs are the helicity amplitudes defined in the same way as in

Appendix B of Ref. [428]. Taking the Wilson coefficients from Eqs. (5.38) and (5.39), masses
of the final state particles as in our benchmark cases, helicity amplitudes and form factors for
extra
B and D mesons from Refs. [435, 428], we find that for mχe01 = 2 GeV, Rint
= 0.6%, which

is insignificant compared to the SM and other typical RPV contributions discussed in this
Section.
We also did a similar analysis with regard to the possible contribution from the extra binochannel to the longitudinal polarization fraction FL (D∗ ) of B → D∗ `ν.15 We do expect a
non-zero correction to FL (D∗ ) coming from the extra Bino channel because of the different
operators that are involved. However, we find that the effect is tiny ∆FL (D∗ ) . 8×10−5 which
is not significant given the large uncertainties in the current experimental value [cf. Eq. (5.30)]
and the SM value [cf. Eq. (5.31)].
There is no correction to FL (D∗ ) from the RPV contribution to B → D(∗) `ν as shown in Fig. 5.2(a) due
to the fact that the corresponding BSM operator has the same structure as the SM operator.
15
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5.3.2

Explanation of RK and RK ∗

The BSM contributions to the rare decays B → Kµ+ µ− and B → K ∗ µ+ µ− are conveniently
described by shifts in the Wilson coefficients of semileptonic four-fermion operators in the
effective Hamiltonian [349]
i
4GF
e2 X h
`
`
0 `
0 `
Heff = − √ Vts∗ Vtb
(C
)
(Q
)
+
(C
)
(Q
)
i
i
i
i
16π 2 i=9,10
2

(5.45)

with the operators
¯ α `) ,
(Q9 )` = (s̄γα PL b)(`γ

(5.46)

¯ α γ5 `) ,
(Q10 )` = (s̄γα PL b)(`γ

(5.47)

and Q09,10 are obtained from Q9,10 by replacing PL → PR . Recall that in the SM, the Wilson
coefficients are
(C9 )` ' −(C10 )` ' 4 ,

0 `
(C90 )` ' (C10
) ' 0,

(5.48)

universally for all ` = e, µ, τ . Fits of RK and RK ∗ show that the observed pattern can be
accommodated with BSM in the coefficients (C9 )e , (C10 )e , (C9 )µ , (C10 )µ , as long as BSM in
the primed coefficients is subdominant, otherwise it leads to an anti-correlated effect in RK
and RK ∗ , contradicting the current data.
Global fits of all relevant data on rare B decays find a particular consistent BSM picture
which is characterized by non-standard effects in muonic coefficients in the combination of
Wilson coefficients (C9 )µ = −(C10 )µ [349] (see also [369, 370, 371, 372, 373]). As we will
see below, our RPV SUSY scenario will generate contributions to both (C9 )µ = −(C10 )µ
0 µ
and (C90 )µ = −(C10
) . Such a scenario provides an excellent fit to the data for the following
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values [349]
0 e
) ' 0,
(C9 )e ' (C10 )e ' (C90 )e ' (C10

(5.49)

(C9 )µ = −(C10 )µ ' −0.55 ± 0.10 ,

(5.50)

0 µ
(C90 )µ = −(C10
) ' 0.20 ± 0.11 .

(5.51)

Note that the combination (C9 )µ ' −(C10 )µ corresponds to BSM that mainly affects lefthanded muons. All other coefficients are compatible with zero at the 2σ level. The correction
SM
to the SM values of the Wilson coefficients C9SM ' −C10
' 4 is at the level of −15% for

the muon flavor, while for the electron flavor the corrections vanish. The above BSM values
for the coefficients explain not only the observed values for RK and RK ∗ , but also other
(theoretically less clean) anomalies in rare B decays, like the angular observable P50 or the
branching ratio of Bs → φµµ (see Refs. [349, 369, 370, 371, 372, 373]).
Note that in our RPV setup the simultaneous presence of muon and electron couplings would
likely lead to extremely stringent constraints from searches for µ → e transitions, like the
µ → eγ decay, or µ → e conversion in nuclei [436]. We therefore focus on muonic couplings
only.
In the considered RPV scenario, contributions to b → s`` transitions arise both at the tree
level and the loop level. Tree-level exchange of stops (see Fig. 5.4a) gives contributions to
the wrong chirality Wilson coefficients. In agreement with Ref. [422] we find
0 µ
(C90 )µ = −(C10
) =−
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v 2 π λ0233 λ0232
,
2me2t αem Vtb Vts∗
L

(5.52)
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bR
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diR

τ̃R

b̃R

R

t̃L

g

(b)
λ0 ∗ 0
32k
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λ32j
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λ32j

µL

(f)

(e)

Figure 5.4: Different classes of contribution to the b → sµ+ µ− transition in RPV SUSY: (a)
tree level stop exchange; (b) sbottom-W boson loop; (c) sbottom loop; (d) stop-sneutrino
loop; (e) sbottom-stau loop; and (f) sneutrino loop.
where αem is the fine structure constant. The above-discussed preferred ranges for these
coefficients in Eq. (5.51) translate into the approximate bound
|λ0233 λ0232 |

−3

. 10

 me 2
tL
.
×
1 TeV

(5.53)

In addition, there are various classes of 1-loop contributions to the b → sµµ decays that
we consider (see Fig. 5.4b-f). There are loops with right-handed sbottoms and W bosons
(Fig. 5.4b), with two right-handed sbottoms (Fig. 5.4c), as well as with stops and sneutrinos
(Fig. 5.4d).16 These contributions are all governed by the λ0 RPV couplings. In the presence
of the λ RPV couplings there are additional 1-loop effects (as first pointed out by Ref. [417]).
We take into account loops with right-handed sbottoms and staus (Fig. 5.4e), as well as with
left-handed sneutrinos (Fig. 5.4f). All those diagrams give contributions to the left-handed
16

We neglect diagrams from loops involving winos that were discussed in Ref. [423], assuming that winos
are sufficiently heavy in our RPV3 scenario. Note that this does not necessarily spoil the gauge coupling
unification in RPV3 [306], as the renormalization group (RG) running is logarithmic, and O(10 TeV) winos
(and similar mass for the gluino to satisfy the stringent LHC constraints), along with light bino (and Higgsinos),
are acceptable.
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Wilson coefficients and therefore can in principle explain the anomalies in RK and RK ∗ .
Summing up all these contributions we get [422, 423, 417]
(C9 )µ

=

v 2 Xbs Xµµ
m2t |λ0233 |2
−
me2b 16παem 16me2b e2 Vtb Vts∗
R
R
!
2
2
met
v
Xbµ Xsµ
L
−
log
2
2
2
16(met − mνeτ )
mνeτ e2 Vtb Vts∗
L
!
me2b
ebµ X
esµ
X
v2
R
log
−
2
2
2
16(meb − mτeR )
mτeR e2 Vtb Vts∗
−(C10 )µ =

R

ebs X
eµµ
v X
,
16m2νeτ e2 Vtb Vts∗
2

−

(5.54)

e factors are the following combinations of RPV couplings:
where the X and X
Xbs

=

λ0133 λ0123 + λ0233 λ0223 + λ0333 λ0323 ,

ebs
X

=

λ0331 λ0321 + λ0332 λ0322 + λ0333 λ0323 ,

Xµµ

=

|λ0213 |2 + |λ0223 |2 + |λ0233 |2 ,

eµµ
X

=

|λ231 |2 + |λ232 |2 + |λ233 |2 ,

Xbµ

=

λ0331 λ0231 + λ0332 λ0232 + λ0333 λ0233 ,

Xsµ

=

λ0321 λ0231 + λ0322 λ0232 + λ0323 λ0233 ,

ebµ
X

=

λ0133 λ123 + λ0333 λ323 ,

=

λ0123 λ123 + λ0323 λ323 .

esµ
X

(5.55)

It is intriguing that the RPV setup produces BSM contributions that follow the (C9 )µ =
−(C10 )µ pattern that is preferred by the data. Note that the first term in (5.54) arises from
the sbottom-W boxes and has the wrong sign, i.e. it always worsens the agreement with data.
The coupling combinations that enter in the other terms are constrained for example by Bs
mixing and B → Kν ν̄. The last two terms in (5.54) involve both the λ0 and λ couplings (the
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last one was not included in Ref. [417]). These additional terms provide more freedom to
explain the RK (∗) anomalies in the context of RPV SUSY. An explanation of the anomalies
requires negative C9 . Given that Vts ' −0.04, this in turn requires some of the λ0 or λ
couplings to be negative.
Finally, let us also mention that in our RPV setup there are contributions to the related
b → sγ decay. The constraints from b → sγ are discussed in Section B.0.8, where we show
that they only lead to weak bounds on the RPV3 parameter space considered here.
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Figure 5.5: Contribution to the (g − 2)µ from λ (subfigures a–d) and λ0 (subfigures e–h)
couplings in RPV SUSY.
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5.3.3

Explanation of (g − 2)µ

The contributions to (g − 2)µ can arise in RPV SUSY both from the λ and λ0 couplings. The
diagrams involving λ are shown in Figs. 5.5a-d and those involving λ0 (with sleptons and
leptons in the loop switched to squarks and quarks) are shown in Figs. 5.5e-h. In our RPV3
setup, these contributions can be summarized as [437]

∆aµ

3 
m2µ X
2(|λ32k |2 + |λ3k2 |2 )
=
96π 2 k=1
m2νeτ
!
|λ3k2 |2 |λk23 |2 3|λ02k3 |2
+
.
− 2 −
mτeL
m2τeR
me2b

(5.56)

R

We find that the net contribution from the λ-dependent terms is typically dominant, as the
relevant λ couplings tend to be less constrained than the λ0 couplings (cf. Table B.1).
It is worth noting here that the electron g − 2 also has a ∼ 2.4σ discrepancy between the
experimental measurement [438] and SM prediction [439], due to a new measurement of the
fine structure constant [440]:
∆ae = (−8.7 ± 3.6) × 10−13 .

(5.57)

It is difficult to explain the opposite sign with respect to ∆aµ using RPV couplings only.
However, within the minimal supersymmetric SM (MSSM), it is possible to explain ∆ae
by either introducing explicit lepton flavor violation [441] or using threshold corrections
to the lepton Yukawa couplings [442] or arranging the bino-slepton and chargino-sneutrino
contributions differently between the electron and muon sectors [443]. Since this is independent
of the RPV sector, we do not include the electron (g − 2) in our subsequent discussion.
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5.3.4

Explanation of ANITA Upgoing Events

We interpret the ANITA upgoing anomalous events [246, 247] as signals from the decay
of long-lived bino in RPV SUSY, produced by interactions between UHE neutrinos and
nucleons/electrons inside Earth matter via exchange of a TeV-scale sparticle mediator. As
discussed in Chapter 4, the whole process could be divided into four sub-processes, namely,
the generation of the bino on the far-side of Earth, its propagation through Earth matter,
followed by its decay in the atmosphere and signal detection at ANITA. The generation and
the decay of bino could both be described by Fig. 5.6 with one of the vertices coming from
either λ or λ0 sector, while the other being U (1)Y gauge coupling g 0 . The contribution from
the λ sector involving the ν − e interactions turns out to be sub-dominant in our case due to
the choice of small λi13 and the lower probability to have an s-channel resonance for ν − e
interactions as compared to ν − q interactions, since all three down-type quark PDFs are
sizable at EeV energies [215].
After the bino is generated, it is required to have a long lifetime to travel through a chord
length of ∼ 5000 km, as inferred from the ANITA events. Generalized from Eq. (4.4), The
decay width of bino is parameterized by its mass mχe01 , the mediator sbottom or stau mass
and the λ, λ0 , g 0 couplings as:
#
"
g 02 m5χe0 X 3|λ0ij3 |2 |λij3 |2
1
Γ(e
χ01 ) '
+
.
3
512π ij
me4b
m4τeR

(5.58)

R

As mentioned above, the λ-contribution is subdominant and we will only keep the λ0 terms
in Eq. (5.58). The longevity of the bino in our model comes from a combination of two
effects: (i) It is electrically neutral and interacts with the nucleons in earth matter very
weakly: σ(e
χ01 q → anything) . 10−36 cm2 at EeV energies. (ii) It is produced with a very high
Lorentz boost factor of γ ∼ 106 . So as long as the bino has a mean lifetime of ∼ 10 ns in its
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Figure 5.6: Feynman diagrams for production of bino from UHE neutrino interaction with
quarks. (a) and (b) involve the λ couplings, while (c) and (d) involve the λ0 couplings. The
s-channel processes (a) and (c) give the dominant contribution at resonance energies. The
decay of bino can be described by reversing the diagrams with the same interactions. We can
ignore the process (b) with selectron propagator in our RPV3 framework.
rest-frame, which translates to a lifetime ∼ 0.01 s in the lab frame, it can safely propagate
through a chord length of ∼ 5000 km without losing much energy. From Eq. (5.58), we find
that this happens for a relatively light bino with mχe01 ∼ a few GeV. See Appendix A for the
variation of bino mean free path with energy. After propagating the chord length of a few
thousand km, as it reaches near the surface of Earth, it undergoes a 3-body decay back to
quarks (or leptons) and neutrinos, followed by hadronization of the quarks, producing an
extensive air shower due to the Askaryan effect [54]. The radio signal from the air showers is
then detected by the ANITA balloon detector.
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The expected number of events can be estimated in the same manner as mentioned in
Chapter 4:
N =

Z

dEν hAeff · ∆Ωi · T · Φν ,

(5.59)

where we have taken T = 53 days for the total effective exposure time, Φν (Eν ) = 2 ×
10−20 (GeV · cm2 · s · sr)−1 for the cosmic neutrino flux,17 and hAeff · ∆Ωi is the effective area
integrated over the relevant solid angle, averaged over the probability for interaction and
decay to happen over the specified geometry. From Eq. (5.59), we know that the overall event
number N is a function of mχe01 , mebR and λ0ij3 for our RPV3 scenario. Therefore, comparing
the simulated event numbers with the ANITA observation of two anomalous events gives us
the best-fit parameter region at a given CL.

5.4

Numerical Results

After examining Eqs. (5.24), (5.54), (5.56) and (5.58), all the relevant parameters contributing
to the anomalies discussed above in our RPV3 scenario are summarized in Table 5.3. For
convenience, we also collect the dominant terms in the expressions for anomalies in Table 5.3.
The same is done for the relevant experimental constraints in Table B.1 which we will discuss
in detail in the Appendix B.
As mentioned before, in our RPV3 setup, there are six free mass parameters relevant for the
anomalies, namely,

{mebR , metL , mτeL , mτeR , mνeτ , mχe01 } .
17

(5.60)

This is consistent with the recent upper bound for transient sources, based on a joint analysis of ANITA
detection and IceCube non-detection results [403]. To be more specific, our transient anisotropic flux value
Φν integrated over the small solid angle ∆Ω corresponding to the uncertainty in the observed elevation angles
for the ANITA events is Φint = 4.9 × 10−24 (GeV · cm2 · s)−1 at 0.5 EeV, to be compared with the upper
bound on Φint ≤ 8 × 10−24 (GeV · cm2 · s)−1 for the steady analysis [403].
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Observable

Parameter dependence

RD(∗)

λ0i33 , λ03j3 , λ02j3 , mebR ,

Relevant terms
λ0i33 ·λ03j3
,
me2

−

bR

λi33 ·λ03j3
m2τe
L

λi33 , λi32 , mτeL

λ0i33 ·λ02j3
,
me2
bR

λi32 ·λ03j3
m2τe

,

L

|λ0233 |2
,
me2
bR

(λ0i33 ·λ0i23 )|λ02j3 |2
m2
 ebR

λ0331 , λ0332 , λ0321 , λ0322 , λ0231 , λ0232 ,


RK (∗)

λ0i33 , λ0i23 , λ0213 , λ0312 , λ32k , λ3j2 ,
mebR , metL , mτeR

log m2e /m2νeτ
tL

R

(me2 −m2τe )
bR

R

1
m2νe

τ

λ033i λ03i2 λ32j λ3j2

ν
eτ

τ
eL

λ0233 , λ0223 , λ0213 ,

−|λk23 |2 m12 ,

mebR , mτeR , mτeL , mνeτ

|λ0233 |2
,
me2 −m2t

τ
eR

bR

1
me2

bR

ANITA

λ0i33 λ0i0 23 λ2i3 λ2i0 3 ,

|λ32k |2 m22 ,
ν
eτ


2
1
2
|λ3k2 | m2 − m2 ,

λ32k , λ3k2 , λk23
(g − 2)µ

(λ033i · λ032i )|λ023i |2 ,

(m2e −m2νe )
τ
tL

2
log me /m2τe
bR

,

λ0123 , λ0223 , λ0233 , λ0323 , λ0333 , mebR , mχe01

(|λ0213 |2 + |λ0223 |2 )
|λ0ij3 |2 m5 0
me4

χ
e1

bR

Table 5.3: The parameter dependence and dominant terms in the expressions for the RD(∗) ,
RK (∗) , (g − 2)µ and ANITA anomalies in our RPV3 scenario.
As for the choice of RPV couplings shown in Table 5.3, we apply certain symmetry rules to
reduce the number of parameters. We consider the following three different cases and present
our numerical fit results in each case.18
18

Other example structures of the RPV couplings using flavor symmetry can be found in Ref. [57].
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5.4.1

Case 1: CKM-like Structure

This symmetry is inspired by the observed hierarchy in the CKM mixing matrix in the
quark sector. This is brought out most clearly in the Wolfenstein parameterization of the
CKM-matrix [444], where the first generation plays the central role. The coupling of firstto-first generation quarks are of order one, whereas the coupling of the first to the second
carries a suppression factor of λ ' sin θC ≈ 0.23. Similarly, the coupling of second generation
to the third carries a suppression of λ2 , and the coupling of first generation to the third
carries a suppression factor of λ3 . Inspired by this structure, in our RPV scenario which is
third-generation-centric, we postulate the λ0 -couplings to be of the form
λ0ijk = λ0333 (3−i)+(3−j)+(3−k) ,

(5.61)

with λ0333 ∼ O(1) and each time any of the three indices {i, j, k} differs from 3, we pay an
appropriate factor of , which is a tunable small parameter in the model. A similar rule is
applied to the λ sector, where we choose for the nonzero λ’s:19
λijk = λ233 (2−i)+(3−j)+(3−k) ,

(5.62)

where i < j and λ233 ∼ O(1). This setup reduces the number of couplings from 27 (λ0ijk )+9
(λijk )=36 to only 3, namely,
{λ0333 , λ233 , } .
19

Note that λijk vanishes for i = j [cf. Eq. (5.22)].
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(5.63)

Figure 5.7: Benchmark scenario for Case 1 (with CKM-like symmetry) in the two-dimensional
parameter plane (meb , −), while keeping other free parameters fixed as shown in the figure.
The shaded regions with solid boundaries are the 2σ (thin) and 3σ (thick) favored regions to
explain the RD(∗) (cyan), RK (∗) (red) and ANITA (orange) anomalies. The (g − 2)µ anomaly
requires − ∼ O(10), and therefore, not shown here. The shaded regions with dashed/dotted
boundaries are the current experimental bounds on the parameter space from B → Kν ν̄
(yellow), Bs − B s mixing (grey), D − D mixing (magenta), B → τ ν (dark blue), Z → ``0
(pink), and τ → `ν ν̄ (blue). The overlap region simultaneously explaining the RD(∗) and
RK (∗) anomaly is shown by the green shaded region, and the region also explaining the
ANITA anomaly along with RD(∗) and RK (∗) is shown by the green shaded region with thick
boundaries.
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In Fig. 5.7, we show a benchmark scenario for Case 1 in the (mebR , ) plane, while fixing the
other free parameters as follows:
λ0333 = 3.5 ,

λ233 = 1.5 ,

mτeR = 2.0 TeV ,

mτeL = 10.0 TeV ,

mνeτ = 15.0 TeV ,

metL = 4.0 TeV ,

mχe01 = 2.0 GeV .

(5.64)

The two coupling values are mainly chosen to simultaneously maximize the overlap region
where the anomalies can be explained, as well as to evade the current existing bounds. A
particularly stringent constraint comes from τ → `ν ν̄ (see Appendix B.0.7) which involves
both λ0333 and λ233 couplings, and the masses of right-handed stau mτeR and right-handed
bottom, mebR . Thus we need to change λ0333 and λ233 together so that their overall effect
mostly cancels to give a narrow allowed window from τ → `ν ν̄. These two couplings are set
as large as possible so that the cancellation takes place, and meanwhile gives a maximized
overlap region as long as the other constraints do not become too strong. The masses chosen
here are consistent with the 13 TeV LHC constraints [230]. The stau mass is chosen close to
the experimental limit of 900 GeV to obtain the maximally allowed parameter space, while
satisfying the bound from τ → `ν ν̄, i.e. choosing a larger stau mass will shrink the available
parameter space shown in Fig. 5.7, while a smaller stau mass will shrink the window of the
allowed region from τ → `ν ν̄. As for the choice of the sneutrino mass, from Table B.1 we
could see that the term involving mνeτ contributes dominantly to the Bs − B s bound and thus
to alleviate this bound, we set mνeτ at a relatively larger value of 15 TeV. We choose mτeL to
be 10 TeV to suppress the possible contribution to RD(∗) from LLE couplings. Also, metL is
set at 4 TeV to suppress the tree-level contribution to b → s`` as mentioned in Eq (5.53).
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The favored regions for explaining the RD(∗) , RK (∗) and ANITA anomalies are shown in
Fig. 5.7 by cyan, red and orange-shaded regions, with the 2σ and 3σ regions depicted by thin
and thick solid contours respectively. The  parameter is required to take negative values
in order to find overlap between RD(∗) and RK (∗) regions. This is due to the fact that we
need C9 < 0 to fit the data [cf. Eq. (5.50)] and since C9 is composed of odd powers of 
with positive definite factors [cf. Eq. (5.54)], this inevitably sets  negative. On the other
hand, the RD(∗) -favored regions are divided into two different branches due to the polynomial
dependence of λ0ijk and λijk upon  [cf. Eq. (5.24)]. As for the ANITA-favored region, it is
mostly governed by the bino mass which is set at 2.0 GeV, apart from the sbottom mass and
λ0 couplings.
Other shaded regions in Fig. 5.7 with dashed/dotted boundaries are the relevant experimental
constraints; see Appendix B and Table B.1 for details. The main constraints come from
Bs − B s mixing [353] and B → Kν ν̄ [445, 323, 446] measurements. Note that the Bs -meson
mixing bound has a branch-cut feature which is due to the cancellation between the terms in
Eq. (B.7). Somewhat less constraining bounds come from B → τ ν [353], D − D mixing [447],
τ → `ν ν̄ [230], and Z → ``¯0 data [230]. Finally, the vertical shaded region below mebR < 1.0
TeV is excluded from direct sbottom searches at the LHC [230].
The overlap region between RD(∗) , RK (∗) and ANITA is highlighted by the green shaded
region in Fig. 5.7 around (mebR , ) = (2.2 TeV, −0.015). This is remarkable, given how simple
the coupling choice is, even though it occurs only at the 3σ CL. However, a major drawback
of this scenario is that the (g − 2)µ -favored region lies around − ∼ O(10), which is far away
from our CKM-like assumption that ||  1; therefore, it is not shown in Fig. 5.7.
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5.4.2

Case 2: Flavor Symmetry

The second benchmark point we study is inspired by a U (2)q ×U (2)` flavor symmetry proposed
in Ref. [417]. In this case, the values of λ0ijk and λijk couplings are decided by the specific
flavon VEVs in the model. They have the generic structure λ0ijk ∼ c0ijk 0 and λijk ∼ cijk ,
where the 0 and  values may differ for each coupling, while c0ijk and cijk are O(1) free
parameters. Here we choose a simplified version of this model and assume that c0ijk and cijk
are strictly equal to the overall scales of λ0 and λ respectively, i.e. λ0ijk ∼ λ0 0 and λijk ∼ λ
with 0 and  fixed by the flavor structure parameters as indicated in Ref. [417]. Moreover, to
accommodate RK (∗) , we choose λ0333 to be negative and set it as a free parameter to be fit
numerically. All other λ0ijk values are fixed by the overall scale λ0 , i.e.
λ01jk = λ0211 = λ0231 = λ0213
= λ0311 = λ0331 = λ0313 ' 0 ,
λ0221 = λ0212 ' λ0 ` 0q ,
λ0321 = λ0312 ' λ0 0q ,
λ0222 = λ0223 = λ0232 ' λ0 ` q ,
λ0322 = λ0323 = λ0332 ' λ0 q ,
(5.65)

λ0233 ' λ0 ` ,
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where q ≈ ms /mb ' 0.025, 0q ≈ q

p
md /ms ' 0.005 and ` ' 1 [417]. Similarly, all λijk

values are fixed by the overall scale λ, i.e.

λ121 = λ131 = λ133 ' 0 ,
λ123 = λ132 = λ231 ' λ0` ,
λ232 ' λ`S ,

λ122 ' λ` 0` ,
(5.66)

λ233 ' λ` ,

where 0` ' 0.004 and `S ' 0.06 [417]. Therefore, this choice is equivalent to taking 3 free
parameters for the couplings, i.e.
{λ0333 , λ0 , λ} ,

(5.67)

which is the same number of parameters as in Case 1 [cf. Eq. (5.63)].
In Fig. 5.8, we show a benchmark scenario for Case 2 in the (mebR , λ0 ) plane, while keeping
the metL and mχe01 fixed at the same values as in Case 1 [cf. Eq. (5.64), and the other five
coupling parameters fixed at
λ0333 = −3.5 ,

λ = 2.5

mτeR = 3.0 TeV ,

mτeL = 10.0 TeV ,
(5.68)

mνeτ = 9.0 TeV .

The choice of the combination of λ, λ0333 , mτeR and mτeL is mainly due to the consideration of
enlarging the overlapping region and avoiding current constraints. Larger magnitude of λ and
λ0333 will push RK (∗) region downwards and RD(∗) upwards giving a larger overlap. However,
both Bs − B s mixing, and the B → Kν ν̄ and τ → `ν ν̄ decays are sensitive to the choice of
123

Figure 5.8: Benchmark scenario for Case 2 (with flavor symmetry) in the two-dimensional
parameter plane (meb , λ0 ), while keeping other free parameters fixed as shown in the figure.
The labels for the shaded regions are the same as in Fig. 5.7. The√horizontal hatched region
is theoretically disfavored from perturbativity constraint on λ0 ≤ 4π. The thin (thick) blue
line at the upper left corner shows the 2σ (3σ) region favored by the (g − 2)µ anomaly.
these four parameters (see Table B.1) and most of them become stronger as we increase the
couplings. The more complicated relation comes from τ → `ν ν̄ which involve λ, λ0333 , mτeR
and mebR . As described in Eq. (B.17), the two dominant terms of τ → `ν ν̄, involving λ, mτeR
and λ0333 , mebR respectively cancel each other. Thus we choose mτeR = 3.0 TeV to maintain
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a window in the right range of mebR ∼ 2.5 TeV where RK (∗) , RD(∗) and ANITA overlap. A
smaller mτeR will shrink the window and move it to the left, but choosing mτeR to be larger
will cause the RK (∗) region to shrink, due to nonlinear dependence on mτeR . Meanwhile, we
increase λ, λ0333 simultaneously so that their effects on τ → `ν ν̄ window mostly cancel. To
avoid RG running problems (i.e. hitting the Landau pole too close to the TeV-scale), λ0333 is
set at its largest possible magnitude of −3.5. This large coupling results in severe Bs − B s
mixing bound and to alleviate this, we choose mνeτ to be 9 TeV. mτeL is chosen, different from
mτeR , at 10 TeV, as mentioned in the previous case to suppress the possible contribution to
RD(∗) from LLE couplings. The color scheme for the shaded regions is the same as in Fig. 5.7.
Now we also show the 2σ (3σ) preferred region for (g − 2)µ at the upper left corner of Fig. 5.8
by the thin (thick) blue line with the arrow pointing into the allowed region. The horizontal
√
hatched region is theoretically disfavored from perturbativity constraint on λ0 ≤ 4π.
The location and shape of the favored regions for RD(∗) and RK (∗) anomalies are different
from Case 1 mainly due to the fact that the parameter planes are different. In Fig. 5.7, the
y-axis shows the  parameter which plays the role as the relative scale between two λ0 or two
λ couplings, while in Fig. 5.8 the y-axis shows the overall scale for the λ0 -couplings. Generally
speaking, the overall scale could be larger but the relative scale should be heavily suppressed
due to the polynomial dependence. Therefore, the overlap region in Fig. 5.8 has λ0 ∼ 0.8, as
compared to that in Fig. 5.7 which has  ∼ −0.01.
Also note that in Case 2, the 3σ allowed region for ANITA shrinks dramatically, in both mebR
and λ0233 directions, which is mainly due to the structure of the λ0 couplings in Eq. (5.65).
The favored region shrinks in the mebR direction because there are larger λ0 couplings and thus
the simulated number of events for ANITA gets more sensitive to change of mebR . Shrinking
in the λ0 direction is a combined effect of the structural change of the λ0 s and the change of
y-axis from relative scale ( in Case 1) to overall scale (λ0233 in Case 2).
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The overlap region of RD(∗) , RK (∗) and ANITA anomalies is marked by the green block
around (mebR , λ0 ) ∼ (2.5 TeV, 1.1). No overlap could be achieved with (g − 2)µ region in this
parameter setup. We find that (g − 2)µ is most sensitive to mνeτ and we have tried an extreme
case of setting mνeτ at the current LHC lower bound of 900 GeV [230], which does expand
the (g − 2)µ region downward but not enough to have an overlap while in the meantime Bs
meson mixing bound becomes much severe and rules out the whole parameter region. Thus
in this case (g − 2)µ cannot be accounted for.
The bounds also appear differently in Case 2 than in Case 1 due to the change of y-axis.
The most stringent bounds in this case are τ → `ν ν̄ [230] and Bs meson mixing processes
[353]. Similar to Fig. 5.7, the branch-cut feature in the Bs -meson mixing bound is due to the
cancellation between the terms in Eq. (B.7).

5.4.3

Case 3: No Symmetry

In this final benchmark scenario, we do not invoke any symmetries. Instead, we adopt a
pragmatic approach to choose our parameters so that we maintain the necessary freedom to
explain all the anomalies while satisfying all experimental constraints. At the same time, we
want to keep the total number of free parameters the same as in the other two cases, i.e. six
mass parameters and three couplings. Thus, we try to equalize the non-zero parameters as
much as possible. We end up with the following 3 free coupling parameters,
{λ0223 ,

λ0 ≡ λ0123 = λ0233 = λ0323 ,

λ ≡ λ132 = λ231 = λ232 },

(5.69)

with all the other λ0 and λ couplings are set to be very small (essentially zero in practice).
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Figure 5.9: Benchmark scenario for Case 3 (with no symmetry) in the two-dimensional
parameter plane (meb , λ0 ), while keeping other free parameters fixed as shown in the figure.
The labels for the shaded regions are the same as in Fig. 5.8. In addition, the D0 → µ+ µ−
constraint is shown by the blue shaded region (marked by the dashed blue boundary). The
2σ (g − 2)µ region covers almost the entire shown parameter space, so the 3σ region is not
shown. Also, as in Fig. 5.8, the horizontal
hatched region is theoretically disfavored from
√
0
perturbativity constraint on λ ≤ 4π.
As shown in Fig. 5.9, our benchmark point in this scenario is set as
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λ0223 = −1.5 ,

λ = −3.5 ,

mχe01 = 2.0 GeV ,

mτeR = 2.0 TeV ,

mτeL = 10.0 TeV ,

mνeτ = 0.9 TeV ,

metL = 4.0 TeV ,

(5.70)

while we vary the remaining two parameters λ0 and mebR to find the common overlap region for
RD(∗) , RK (∗) , (g −2)µ and ANITA. We are able to do so around (mebR , λ0 ) = (3.0 TeV, 0.3). The
overlap region is highlighted as the green block in Fig. 5.9. In this parameters setup, RD(∗) and
RK (∗) are brought together mainly by setting a large negative λ0223 = −1.5. When combined
with setting λ0333 = 0, this setup results in RD(∗) being dominated by −Xcµ ∼ −λ0223 λ0 /mebR ,
which gives a positive contribution as we want. Meanwhile, for RK (∗) , the dominant term
0
2
is the second term from Eq. (5.54) ∼ λ03
, which gives a negative contribution as
223 λ /me
b
R

required. The (g − 2)µ -favored region in this case is vastly expanded compared to Case 2,
and covers pretty much the entire parameter space shown in Fig. 5.9. This is mainly due
to the choice of small mνeτ and the multiple O(1) λs, where we choose λ to be −3.5, which
give larger overlap compared to the positive value due to the dominant λ term contribute
to the denominator of RD(∗) . This setting guarantees the dominant contribution to be the
λ terms in Eq. (5.56) and thus the subdominant λ0 terms could have a much larger range.
In this case, the effect of mτeR on (g − 2)µ and RK (∗) is gone due to the vanishing couplings
λk23 . So the only influence of mτeR is on D − D mixing bound, which inversely depends on
m2τeR (see Appendix B.0.4). Therefore, we simply set mτeR =2 TeV, same as in Case 1. On the
other hand, from the same consideration of reducing the effect of LLE coupling on RD(∗) like
previous two cases, we set mτeL =10 TeV.
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The relevant bounds, including B → τ ν [353], D − D mixing [447], Bs − B s mixing [353],
B → Kν ν̄ [445, 323, 446] and D0 → µ+ µ− [448], are also shown in Fig. 5.9 by dark blue,
magenta, gray, yellow and blue shaded regions respectively, while the LHC bound on sbottom
mass is shown by the vertical brown-shaded region. In this case, the most stringent constraints
come from Bs − B s mixing and D → µµ which shrink the overlap region substantially. The
Bs − B s mixing, as mentioned earlier in Case 1 and Case 2, is a typical bound for our RPV3
model trying to explain the B-anomalies since the relevant couplings λ0i33 , λ0i23 and λ0i32 all
contribute to B-meson mixing. The branch-cut feature of the Bs − B s mixing bound seen in
Figs. 5.7 and 5.8 is absent in Fig. 5.9 because in this case there is no cancellation in Eq. (B.7),
as the third term dominates due to the choice of small sneutrino mass. On the other hand,
the D → µµ bound is crucial mainly due to the important role of λ0223 in this particular
Case 3. Note that in this case the τ → `ν ν̄ bound is not relevant due to vanishing couplings
λ0333 = λ233 = 0; see Appendix B.0.7 for more details.

5.5

LFV Predictions

In this section, we make predictions for LFV decay modes of the τ -lepton and rare decays of
the B-mesons for our three benchmark cases, anticipating that future experiments like Belle
II [291] or upgraded LHCb [449] might be able to test some of these predictions.

5.5.1

Tree-level LFV τ Decays

In our RPV3 setup τ -LFV decays arise quite naturally at tree and loop level, see Ref. [306].
There are many interesting channels at tree level: τ → `Y (where ` = e, µ and Y stands for
φ, ρ, ω, π 0 , η, η 0 , K + K − , π + π − etc.). The PDG [230] gives current bounds on the branching
ratios of many of these modes at around 10−8 level. In the next few years, Belle-II and
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Flavor-violating

λ,λ0

RPV3 Prediction

Current experimental

decay mode

dependence

Case 1

Case 2

Case 3

bound/measurement

τ → µφ

λ0332 λ0232 , λ323 λ0322

1.9 × 10−15

3.8 × 10−10

2.6 × 10−12

< 8.4 × 10−8 [450]

τ → µKK

λ0332 λ0232 , λ323 λ0322

1.2 × 10−17

2.4 × 10−12

2.9 × 10−13

< 4.4 × 10−8 [451]

τ → µKs0

λ0332 λ0231 , λ0312 λ323

4.5 × 10−19

8.7 × 10−12

3.1 × 10−13

< 2.3 × 10−8 [452]

τ → µγ

λ0333 λ0233 , λ133 λ123

1.3 × 10−10

1.3 × 10−8

2.4 × 10−10

< 4.4 × 10−8 [453]

τ → µµµ

λ323 λ322

1.7 × 10−11

1.2 × 10−9

1.2 × 10−11

< 2.1 × 10−8 [454]

B(s) → K (∗) (φ)µτ

λ0333 λ0232 , λ0233 λ0332 , λ0332 λ323

4.1 × 10−9

1.2 × 10−7

2.2 × 10−10

< 2.8 × 10−5 [455]

Bs → τ µ

λ0333 λ0232 , λ0233 λ0332 , λ0332 λ323

4.4 × 10−10

1.3 × 10−8

2.3 × 10−11

< 3.4 × 10−5 [456]

b → sτ τ

λ0333 λ0332

3.4 × 10−7

2.8 × 10−8

1.3 × 10−13

N/A

B → K (∗) τ τ

λ0333 λ0332

3.7 × 10−6

4.2 × 10−8

9.6 × 10−12

< 2.2 × 10−3 [457]

Bs → τ τ

λ0333 λ0332

3.7 × 10−8

3.0 × 10−9

1.4 × 10−14

< 6.8 × 10−3 [458]

b → sµµ

λ0233 λ0232 , λ0332 λ232

5.9 × 10−9

3.2 × 10−8

8.8 × 10−9

4.4 × 10−6 [459]

Bs → µµ

λ0233 λ0232 , λ0332 λ232

4.1 × 10−11

6.5 × 10−11

1.8 × 10−11

3.0 × 10−9 [460]

Table 5.4: RPV3 contributions to the branching ratios of the flavor-violating decay modes
of τ and of B-mesons in the three benchmark cases considered here. Also shown are the
current experimental bounds at 90% CL for each channel. There is no existing bound on
b → sτ τ , so that entry is labeled as N/A. For the last two decay modes, namely, the inclusive
B → Xs µ+ µ− and exclusive Bs → µ+ µ− , we show the central values of the experimental
measurements. The values for Case 1 are calculated with the parameter set in Eq. (5.64)
along with − = 0.02 and mebR = 2.0 TeV from the overlap region in Fig. 5.7. For case
2, the parameters are set in Eq. (5.68), along with λ0 = 0.8 and mebR = 2.0 TeV from the
overlap region in Fig. 5.8. For case 3, the parameters are set in Eq. (5.70) with λ0 = 0.2 and
mebR = 3.0 TeV from the overlap region in Fig. 5.9.
possibly other experiments like LHCb should be able to improve on these by 1-2 orders of
magnitudes. Since the branching ratios scale as (mW /M )4 , where M is the mediator mass, it
is important to understand that these existing stringent bounds of 10−8 do not necessarily
mean that the masses of the LFV interactions are 100 times heavier than mW since we also
expect rotations in flavor space to carry suppression factors, in complete analogy with what
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we see in weak interactions of the SM. In fact in the SM, the magnitude of the observed CP
asymmetries are an even better illustration of the effect of rotations in flavor space. Due to
mixing angles in flavor space we witness O(1) CP asymmetries in some decays involving the
b-quark whereas they become O(10−3 ) or even smaller in strange and charm decays.
For illustrative purposes, let us first consider the simple Case 1 with CKM-like coupling
structure. Concretely, we plan to implement the third-generation centric rotations due to
RPV interactions in complete analogy with the SM. We just have to bear in mind that
in RPV3 we interchange the role of the first and third generations compared to the SM.
Moreover, as in the SM, the order parameter, λ ' 0.23 in the Wolfenstein representation [461]
can be used for flavor rotations in our RPV3 set up. In particular, when RPV interactions
τ → u and µ → u are involved, in a similar fashion, these can be accompanied by suppression
factors, say, 31 21 , where 31 ≈ λ2 and 21 ≈ λ3 . In line with our thinking that superpartners
of third generation quarks are the lightest, these rotations may be analogous to Vub and
Vcb respectively with the product causing a suppression in the rate of order λ10 ≈ 4 × 10−7 .
Thus, with a mediator mass of M ' 1.6 TeV (20 times heavier than W ), this can result in a
branching ratio of O(10−12 ) and be completely consistent with the current bounds.
So clearly there is significant model dependence involved at this stage and we will just need
to dig the appropriate effects of these rotations in flavor space from the experimental data.
In this third-generation centric RPV3 model of ours, it would seem that τ → µs̄s final states
may be less suppressed than those with uu, dd and sd. The τ → µs̄s process, shown in
Fig. 5.10, gives rise to distinctive final states such as τ → µφ [K + K − ]. Making the ad hoc
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µL

τL

t̃L

λ0332

λ0232

sR

sR

Figure 5.10: Contribution to τ → µss̄ from λ0 in RPV3 at tree level.
assumption that these couplings go as 32 ≈ λ ≈ 0.23, a mediator mass of 1.6 TeV can lead to
λ6
BR(τ → µφ) '
|Vus |2



λ0333
g

4 

≈ 1.2 × 10−9 ,

mW
mt̃

4

BR(τ → νK ∗ )
(5.71)

where we have used BR(τ → νK ∗ ) ≈ 1.2% and λ0333 ∼ 3.5, which is taken as the value
from case 1 with g ∼ 0.66 being the weak coupling constant. The prediction in Eq. (5.71)
is consistent with current bounds and perhaps within reach of LHC experiments as well as
Belle II.
Similarly we can estimate BR(τ → µKK) ≈ 8.0 × 10−10 by normalizing to the SM mode
BR(τ → νKK) ≈ 1.5 × 10−3 .
Yet another simple mode where we can make a statement about the branching ratio is
τ → µK 0 . This can be normalized conveniently to the SM mode τ → νK + which has a
branching ratio of about 7 × 10−3 . Note that as above the τ → s RPV vertex will carry a
suppression of λ. The µ → d vertex couples second generation to first; thus this is analogous
to Vcb in the SM and the rate goes as (λ3 /|Vcb |)2 ≈ λ2 . Putting all the factors together, one
finds BR(τ → µK 0 ) ≈ 5 × 10−10 .
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Another interesting example is τ → µµµ. This arises at tree level via use of LLE couplings
of RPV [cf. Eq (5.22)]. We again assume a suppression of 32 ' λ ≈ 0.23. Then again for a
mediator mass of 1.6 TeV, we can get

BR(τ → 3µ) ' λ

2



mW
mνeτ

4 

λ323
g

4

BR(τ → µν ν̄) ,

(5.72)

where λ323 ∼ 1.5 is taken as the value from case 1 with g ∼ 0.66 being the weak coupling
constant. In this calculation we have assumed that when the third-generation sneutrino
couples to two muons which are from second generation, there is a suppression of O(λ2 ) in
the vertex. Using the SM τ branching ratio for leptonic decays of ≈ 16%, we get BR(τ → 3µ)
≈ 7.5 × 10−9 whereas the current bound is 2 × 10−8 .
In Table 5.4, we summarize the above-mentioned tree-level LFV decay modes of τ , with the
dominant coupling dependence in our RPV3 setup and the model predictions in each of the
three cases discussed above, corresponding to the parameters in the overlap regions shown in
Figs. 5.7, 5.8 and 5.9. Also shown are the current experimental constraints on each channel.
As can be seen, all the three benchmarks are consistent with the current bounds, while some
of the predictions might be accessible at future B-factories. Note that the tree-level BRs in
Case 1 turn out to be much smaller than our naive estimate discussed above, because we
have used the value of || = 0.02 for the overlap region in this case (cf. Fig. 5.7), which is a
factor of 10 smaller than the simple choice of || ' λ ≈ 0.23.

5.5.2

LFV via Loop Decays of τ

There are interesting LFV loop decays of τ that we can estimate quite easily by using existing
calculations of b → sγ [462] and of b → s`+ `− [463]. These calculations are relevant as the
virtual top quark dominates in b decay as well as in τ decays because of the simple picture of
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mixing angles that we have adopted. The dominant diagram is shown in Fig. 5.11, and we
find the decay width for τ → µγ contributed from RPV to be

γ

τL

b̃R

b̃R

λ0333

λ0233

tL

µL

Figure 5.11: Dominant contribution to τ → µγ in RPV3 at one-loop level. Note that the
emitted photon could be attached to all possible charged propagators and external legs and
what we show here is just one possible diagram.

Γ(τ → µγ) '
X
k

αem m5τ G2F m4W
×
256π 4
g4

∗
λ03k3
λ02k3 2λ∗3k3 λ2k3 λ∗k33 λk23 λ∗k33 λk32
+
−
−
m2b̃
3m2ν̃τ
3m2τ̃R
3m2τ̃L
R

!

2

(5.73)

which reduce to the following when keeping only the dominant term:
αem m5τ G2F m4W
Γ(τ → µγ) '
256π 4
g4

∗
λ0233
λ0333
m2b̃
R

!

2

(5.74)

Thus, with λ0233 ∼ λ0333 λ and λ ∼ 0.23, we estimate that BR(τ → µγ) ∼ 10−8 .
In an analogous fashion, in the loop decays τ → µ`+ `− (for ` = µ, e), the virtual top-quark
dominates as in the case of b → s`+ `− . This leads one to the estimate,
BR(τ → µ`+ `− )
BR(b → s`+ `− )
≈
≈ 0.05 .
BR(τ → µγ)
BR(b → sγ)
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(5.75)

Thus, we conclude that the loop contribution to BR(τ → 3µ) is about a hundred times
smaller compared to the tree contribution estimated above.
Another class of loop modes emerges from considering τ → µ+ gluon(s). This is difficult to
estimate reliably. Based on gauge invariance the τ → µ+ gluon amplitude vanishes and we
expect that the amplitude for τ → µ+ 2 gluons is suppressed by four powers of sfermion
masses. A rough estimate thus gives

BR(τ → µgg) ∼

αs2 m4τ
BR(τ → µγ) .
4παem m4b̃

(5.76)

R

Using αs ' 0.3 and mτ /mb̃R ' 10−3 , we obtain BR(τ → µgg) ∼ 10−20 , which is many orders
of magnitude below our expectation for the tree level τ → µss̄ branching ratio.
One point worth pointing out is that possible issue may occur for the µ → eγ constraint
due to a sneutrino loop. This issue could be addressed by setting λ232 small so that one of
the vertices in the loop get suppressed. As for all the other loop contribution of the form
f1 → f2 γ, the scenarios we picked are fairly safe from the current bounds.
Our RPV3 predictions for the loop-level τ LFV decays are also summarized in Table 5.4 for
all three cases, along with the corresponding experimental bounds.

5.5.3

LFV Decays of B-mesons

We briefly discuss here some illustrative examples of distinctive LFV decays of B-mesons that
proceed via tree processes in our RPV3 scenario and can be estimated readily. First example
we want to discuss is b → sτ µ, whose general diagram is shown in Fig. 5.12. In RPV, because
of the presence of leptoquark-type interactions, leptons and quarks should be treated on the
same footing when it comes to flavor rotations accompanying RPV interactions. With this in
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Figure 5.12: Generic diagram for b → s`i `i0 in RPV3 at tree level.
mind, in our third-generation-centric setup with flavor rotations as explained above, b → sτ µ
results in the exclusive modes, B → K (∗) µτ [464] or Bs → φµτ . In this case the b → τ vertex
has no suppression but s → µ, both being second generation fermions, carry a suppression
of λ2 at amplitude level, making BR(b → sµτ ) ∼ (λ0333 /g)4 λ4 . Thus once again taking the
mediator mass of 1.6 TeV and taking the normalizing weak decay B → `νXc with BR ≈ 11%
which involves a suppression factor of Vcb2 results in BR(b → sµτ ) ≈ 7 × 10−7 . The BRs
of the corresponding exclusive manifestations are likely a factor of 10 smaller as indicated
in Table 5.4. Also notice that for both case 1 and case 2, contributions from λ0233 λ0232 and
λ0332 λ232 dominate due to the smaller stop mass compared to sneutrino mass. As for case 3,
loop-level contribution is taken into account due to the tree-level terms being vanishingly
small.
Another related extremely interesting example is Bs → τ µ. Let us normalize this to the SM
mode of B → τ ν. In this case though the LFV BR(Bs → τ µ) carries a suppression of λ4 ,
that is more than compensated by Vub2 factor in the normalizing mode. Thus, again for a
mediator mass of 1.6 TeV, we get BR(Bs → τ µ) ≈ 8.4 × 10−8 .
It is to be stressed that these BRs of flavor violations involving τ µ final states of B and Bs
are rather large and future experiments like Belle II and upgraded LHCb should be able to
constrain them quite well.
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For completeness, we also list in Table 5.4 our RPV3 predictions in the lepton flavor conserving
FCNC decay modes, such as Bs → `+ `− . Although in all our benchmark cases, the model
predictions are quite small for these channels, it is conceivable that in a less restrictive setup,
the RPV contributions could be within reach of upcoming experiments.

5.6

High-pT Predictions at the LHC

As shown in Ref. [306], simple crossing symmetry arguments can be used to establish a
high-pT model-independent test of the RD(∗) anomaly in CMS and ATLAS experiments;
see also Refs. [465, 466, 467]. The basic idea is that the underlying quark-level process for
RD(∗) is b → cτ ν, which by crossing symmetry also implies the existence of the processes like
gc → bτ ν and gb → cτ ν, which can be searched for in the high-pT LHC experiments. We
do not wish to repeat the same analysis here, but would like to stress the point that similar
model-independent tests can be done for the RK (∗) anomaly as well; see also Refs. [468, 469].
Specifically, the underlying parton-level process for RK (∗) is b → s`+ `− (with ` = e, µ), and
by crossing symmetry, the following processes must also occur in the pp collisions at the
LHC: (i) bs → `+ `− , (ii) gb → s`+ `− and (iii) gs → b`+ `− (here g stands for gluon and q
generically stands for both quarks and anti-quarks). So if the RK (∗) anomaly were true, we
must also have an anomaly in these channels, which might be observable depending on the
signal to background ratio.
The signal in each case can be analyzed in the four-fermion setup with the vector operators
defined in Eq. (5.45) and an effective mass scale of O(TeV). Scalar and tensor operators do
not work here, unlike in the RD(∗) case, because of the Bs → µ+ µ− constraint, which can be
helicity-suppressed only in the vector case. Moreover, as the LHC center-of-mass energy is
comparable to the mass scale of the effective operator being studied here, it is more accurate
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to use an explicit mediator. To be concrete, we use the RPV3 model as our benchmark,
where one of the squarks serves as the mediator for the processes listed above and couples
via the λ0 -type LQD interaction. Note that the λ-type LLE interactions do not enter here
at the leading order, since we must have b and s quarks in the external legs to relate to the
RK (∗) anomaly.
For case (i), we find that the SM background is overwhelmingly large, mostly coming from
Z → `+ `− . Imposing an invariant mass cut on M`` to exclude the Z-mass window helps,
but still we find it difficult to achieve a signal significance of more than 3σ. Similarly, for
case (ii), the signal cross section is suppressed due to the bottom-quark parton distribution
function in the proton. So the best case scenario is case (iii), as shown in Fig. 5.13, where
the additional b jet in the final state provides a better handle on the signal over background.
Some simple kinematic distributions for the corresponding signal and background are shown
j,b,`
in Figure 5.14. Here we have used the minimal trigger cuts: pj,b`
| < 2.5 and
T > 20 GeV, |η

∆R`` > 0.4 and an average b-tagging efficiency of 70%. From the distributions, we find that
although the M`` distribution can distinguish the RPV signal from the SM background to
some extent, the striking signature of RPV comes in the distribution of the invariant mass
Mb` with the correct lepton combination. This is because in RPV3, we have the process
gs → e
tL µ− → bµ+ µ− through the λ0 -couplings [cf. the penultimate term in Eq. (5.21)]. Thus,
if kinematically allowed, the stop can be produced on-shell in the s-channel, followed by its

decay into bµ+ , thereby giving a resonance peak in the Mbµ+ distribution, as shown in the
bottom right panel of Fig. 5.14 for a representative stop mass of 1 TeV. Using this resonance
feature, it is possible to achieve more than 3σ signal significance for the overlap region shown
in Fig. 5.9 at the 14 TeV LHC with an integrated luminosity of 3 ab−1 .
Also note that in all the benchmark scenarios studied here, the sfermion masses and RPV
couplings are quite well determined to fit all the anomalies. Therefore, we can make concrete
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Figure 5.13: Dominant contribution to the collider process pp → b`i `i0 in RPV3 at tree level.
predictions for the sfermion production and decay at the LHC. A particularly striking
signature in our RPV3 setup would be final states with third-generation fermions, such as
pp → tτ + τ − , via the resonant production of a bottom squark. A detailed analysis of this
signal and the corresponding SM backgrounds will be reported in a separate publication.
Similarly, the RPV3 explanation of the ANITA anomaly can be independently tested at
colliders. The key thing to note here is that we require a light, long-lived bino with a rest
lifetime of about 10 ns to explain the ANITA anomaly [215] (see Section 5.3.4). The bino
can be produced at the LHC from either gluino or squark decay through gauge interactions,
followed by the 3-body decay of bino into two quarks and a lepton (through LQD coupling)
or into three leptons (through LLE coupling). For TeV-scale gluinos and squarks, a GeV-scale
bino will have a boost factor γ ∼ 103 at the LHC and will have a decay length of ∼ 100 m in
the lab frame. This leads to distinct displaced vertex signatures [470, 471, 472], which should
be accessible to dedicated long-lived particle searches at the LHC [473, 474].
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Figure 5.14: Kinematic distributions for the pp → b`1 `2 signal in the RPV model (blue) and
the corresponding SM background (red). The left panels show the transverse momentum
distributions for the bottom quark and the two charged leptons, whereas the right panel
shows the invariant mass distributions for the dilepton and the two bottom quark-lepton
combinations. In the RPV3 model under consideration, the right combination of Mbl gives a
peak at the squark mass, as shown in the last plot.
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5.7

Conclusion

Taking the reported B-physics anomalies, as well as the muon anomalous magnetic moment
and ANITA anomalous upgoing air shower events at face value, we examine the exciting
possibility that these anomalies in vastly different systems could actually be connected by
a single underlying BSM framework. In particular, we point out that the origin of these
anomalies might be related to a third-generation-centric BSM scenario, which could also
address the SM Higgs naturalness issue, while preserving all the good features of a generic
supersymmetric framework. In a promising minimalist approach, we consider the so-called
‘RPV3’ scenario, wherein only the superpartners of the third-generation SM fermions are
relatively light, at (sub)TeV scale, whereas all other sparticles (except the lightest neutralino)
are much heavier and do not play a significant role in explaining the anomalies.
We have considered three benchmark cases for this RPV3 setup and analyzed the reduced
parameter space to carve out the regions favored by each of the above mentioned anomalies,
while making sure that all relevant experimental constraints are satisfied. We find that some
combination of these indication(s) of deviations from the Standard Model can be explained
in all three cases, but finding an allowed overlap region between all of them may only be
possible in one of the three cases studied here. Nevertheless, it seems remarkable to us that
such an overlap region exists at all (see Fig. 5.9), given the stringent experimental constraints
from a large number of low and high energy processes on the masses and couplings.
We have also given a sample of predictions for various LFV decays of the τ -lepton and of
B-mesons, which can in principle be used to test the RPV3 hypothesis in the current and
upcoming precision B-physics experiments. Some complementary tests in the high-pT LHC
experiments are also discussed here. Moreover, improved measurements in the experimental

141

inputs showing the current indications of deviation will likely have significant consequences
for our RPV3 scenario.

20

20

1. While finalizing this chapter, we became aware of Ref. [475] which only uses the λ0 -type RPV couplings
to simultaneously address RD(∗) and RK (∗) . In our study, we consider both λ and λ0 -type couplings to
address RD(∗) and RK (∗) , as well as muon g − 2 and ANITA anomalies, which are not discussed in
Ref. [475].
2. Recently three new lattice calculations of the hadronic vacuum polarization contribution to muon
(g − 2) have appeared [476, 477, 478]; all three use the so-called “staggered" quarks. One of these
calculations [477] by the BMW collaboration claims to have the smallest errors of all lattice calculations
to date and that its results imply that no new physics is needed to explain the BNL experimental
result on muon (g − 2) [305]. However, as emphasized in Ref. [479] even if the BMW result is correct,
the need for new physics is still there; it just gets shifted from muon (g − 2) to the electroweak sector.
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Chapter 6
Conclusions
The observation of ultra high energy neutrino events has marked a new era of astrophysics
and particle physics. The small interaction cross section of neutrino with others, which used
to be an obstacle of detection, now becomes the blessing of unique signals that could reach
us unspoiled. Taking the advantage of such signals, we investigated new physics models from
two main direction in this thesis: (i) modification on generation and propagation process
for the UHE neutrino due to different scenarios of source and media; (ii) alteration for
the neutrino-matter interaction cross section due to the adoption of various BSM models.
Full simulation and reconstruction of UHE neutrino events under different frameworks are
conducted and statistical analysis performed to either get a best fit value for certain parameters
for experiment observation or to get an overlap of parameters satisfying constraints from
various experiments.
In Chapter 2, we have explored the possibility of using a two-component neutrino flux model
to simultaneously explain the IceCube HESE and throughgoing muon events above 10 TeV.
Two types of two-component flux models, one with both astrophysical components and the
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other with astrophysical and decaying DM component, are considered with two different
flavor compositions for the astrophysical components. A likelihood analysis with combined
data samples is performed on all scenarios and the result shows that the model with decaying
+12.7
28
DM component, with best fit value being MDM = 315+335
s
−125 TeV and τDM = 6.3−2.3 × 10

for DM mass and lifetime, give better fit to the HESE data, especially in the 100 TeV region,
compared to the two-component astrophysical case. We also notice that in the DM-component
case, the best fit value of the spectral index for astrophysical component is consistent with
the theoretical prediction of γ = 2.
In Chapter 3, we study the new physics related to the detection mechanism of UHE neutrinos.
By adopting BSM models with light charged scalars as a modification of the neutrino electron
interaction, we find that a Glashow-like resonance feature could be expected in the UHE
neutrino spectrum from IceCube and future IceCube extensions. As a prototypical example,
we investigate the popular Zee model of radiative neutrino mass and find that for a 100 GeV
light leptophilic scalar, we could see a Glashow-like peak pattern in UHE spectrum around
10 PeV. We also notice that such BSM models also give rise to observable non-standard
interactions of neutrinos so that the UHE neutrino spectrum from IceCube also provides a
complementary probe of NSI and thus a combined analysis between the observation from
DUNE and IceCube could be available in the future.
In Chapter 4, we continue on the direction of using UHE neutrino events as a probe for new
physics model that could modify the neutrino-nucleus or neutrino-electron interaction. We
have explored a RPV-SUSY interpretation of the two anomalous upgoing air showers seen
by ANITA. In our framework, the UHE neutrino interacts with Earth matter to resonantly
produce a squark/slepton, which then decays to a long-lived bino, whose decay products are
responsible for the upgoing air shower. We considered both LLE and LQD-type interactions
and simulations are conducted under different scenarios to compare with observed anomalous
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events. We find that a light bino of a few GeV mass and the RPV couplings of order 0.1
provide the best-fit solution to the ANITA events. In the LLE case, a stau of mass around 2
TeV, and in the LQD case, a down-type squark of mass around 1 TeV are predicted, which
should be accessible by the next run of the LHC.
In Chapter 5, we explored further under the framework of RPV-SUSY and take special
interest in a special minimalist scenario – the ‘RPV3’ scenario, where only the superpartners
of the third-generation SM fermions are relatively light, at (sub)TeV scale, while all the other
sparticles (except the lightest neutralino) are much heavier and do not play a significant role.
In this RPV3 scenario, we find that it is possible to connect a bunch of anomalies from vastly
different systems with vastly different energy, namely, the B-anomaly, the muon g-2 anomaly
and the ANITA anomaly. We have considered three benchmark cases for this RPV3 setup
and analyzed the reduced parameter space to carve out the regions favored by each of the
above mentioned anomalies, while making sure that all relevant experimental constraints are
satisfied. From one of the benchmark, we are able to find overlap in the parameter space for
all the anomalies while satisfying all existing constraints. Based on our theoretical setup,
we have also given a sample of predictions for various LFV decays of the τ -lepton and of
B-mesons, which can in principle be used to test the RPV3 hypothesis in the current and
upcoming precision B-physics experiments. Some complementary tests in the high-pT LHC
experiments are also discussed.
In summary, this dissertation has given an in depth discussion on various BSM models related
to UHE neutrinos and their possible observable signals in various experiments. From a
higher level, we find that the UHE neutrino could provide unique probes of new physics in
every step of its generation, propagation and detection. As the collider physics gradually
reaches its technological limit, the high energy neutrino beam provided by the vast number
of astrophysical natural accelerator become more suitable for nowadays BSM physics study.
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In particular, the UHE neutrino spectrum observed by IceCube and the EeV neutrino events
observed by ANITA could be an ideal probe for new physics with energy scale of 10 TeV or
higher. On the other hand, a special focus is given in this thesis to the RPV-SUSY model as
the only BSM that could give simultaneous interpretation of B-anomaly, muon g-2 anomaly
and ANITA anomaly. As most of the parameter space of the typical SUSY been ruled out
by collider experiments, we find that the RPV-SUSY still remain powerful in explaining
various anomalies and could give testable predictions. We would also like to point out at the
end that we notice such trend of increasingly more correlation between traditional particle
physics and the fast developing astrophysics, especially the neutrino astrophysics. We hope
the results presented in this thesis could be one of the signs to show people that the time of
UHE neutrino has come.
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Appendix A
Bino Mean Free Path
This Appendix Section is to provide an example of the bino mean free path distribution
function under the RPV model. Without losing generality, we took the theory setup of the
Case 3 scenario of the RPV3. Generalization to other cases could be easily derived in same
manner.
In Fig. A.1, we show the variation of the bino mean free path hLi inside the earth as a
function of its energy for Case 3 (cf. Section 5.4.3). Here we fix mχe10 = 2 GeV and λ0223 = −1.5
[cf. Eq. (5.70)]. In Fig. A.1(a), we show the mean free path for different values of λ0 , keeping
the sbottom mass fixed at 3.5 TeV, whereas in Fig. A.1(b), we take different sbottom masses,
while keeping λ0 fixed at 0.2. As we can see from these figures, with bino energy ∼ EeV
(shown by the vertical line) and for suitable choice of λ0 and mebR , the mean free path can be
around ∼ 5000 km (shown by the horizontal line), as required to fit the ANITA observation.
This calculation is done with the approximation that only the bino decay process matters in
the bino propagation. This is valid due to the small bino-nucleon cross section, which gives
an effective interaction length of ∼ 109 m, much larger than its decay length (∼ 106 m). For
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(b)

(a)

Figure A.1: The bino mean free path in earth as a function of its energy for Case 3
(cf. Section 5.4.3): (a) for a fixed mebR = 3.5 TeV and different values of λ0 , and (b) for a
fixed λ0 = 0.2 and different values of mebR . The vertical line is for the bino energy of 1 EeV,
while the horizontal line is for its mean free path of 5000 km, which are the ballpark values
required to fit the ANITA anomaly.
more details, including the analytic expression for the mean free path used in this context,
see Ref. [215].
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Appendix B
RPV Model - Constraints
In this Appendix Section, we discuss all relevant constraints on our RPV3 scenario shown in
Figs. 5.7, 5.8 and 5.9, with the parameter dependence and dominant terms in the corresponding
expressions summarized in Table B.1.
For the record let us briefly mention that just before the advent of the two asymmetric
B-factories, the general perception was that RPV had so many parameters and that it was
so completely unconstrained that it can accommodate just about anything; see e.g. p.921,
Table 13.6 in Ref. [480]. On the contrary, what we will show here is that the situation now
has dramatically improved, thanks to the enormous experimental and theoretical progress in
the past two decades. In fact, despite the many parameters our RPV3 scenario is remarkably
well-constrained as we discuss below so much so that more accurate measurements of say
RD(∗) preserving the central value could have appreciable adverse consequences at least for
the version of RPV that we are now finding to be favorable.
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Constraint

Parameter dependence

Relevant terms

B → τν

λ0`0 33 , λ03j3 , mebR

λ0`0 33 ·λ03j3
me2

B → K (∗) ν ν̄

λ0`0 33 , λ0`23 , mebR

λ0`0 33 ·λ0`23 λ0`0 33 ·λ0`32
, m2
me2
e

λ0`0 33 , λ0`13 , mebR

λ0`0 33 ·λ0`13
me2
bR

λ0i33 , λ0i23 , λ0i32 ,

λ0i23 λ0i33 λ0j23 λ0j33
,
me2

B → π/ρ ν ν̄

Bs − B s mixing

bR

bR

bL

bR

λ0i23 λ0i32 λ0j33 λ0j33
me2
bR

mebR , mνe

,

λ0332 λ0323
m2νe

λ0323 , mebR , mτeR

λ04
λ04
323
323
,
2
me
m2τe

D0 → µ+ µ−

λ02j3 , mebR

λ02j3 λ02j 0 3
me2
bR

τ → `ν ν̄

λ323 , λ0333 , mτeR , mebR

λ2323 λ0 2333
, m2
m2τe
e

λ0333 , mebR

λ0 2333
me2
bR

D − D mixing

Z → ``¯0

bR

R

R

bR

Table B.1: The parameter dependence and the dominant terms in the expressions for the
relevant constraints in our RPV3 scenario.
uL

bL

λ0l0 33

b̃R

νl 0

λ̃0313

L

λ̃0313
τL

L

νl 0

bR

τ̃L

uL

λl0 33
τR

(b)

(a)

Figure B.1: Contributions to the B → τ ν decay in RPV3: (a) with LQD couplings only, and
(b) with both LLE and LQD couplings.

[192]

B.0.1

B → τ ν and Bc → τ ν

In the notation of Ref. [417], for B ± → τ ν, we have
3
X
BR(B → τ ν)
=
|δ3l0 + ∆µ3l0 |2 ,
BR(B → τ ν)SM
l0 =1

(B.1)

where the sum over l0 is for all flavors of neutrinos in final state, and
∆µll0

=

√

3
2 X
4GF j=2

λ0l0 33 λ0lj3
2me2b
R

λl0 33 λ0lj3
m2B
+
(mb + mu )mτ 2m2τeL

!

Vuj
,
Vub

(B.2)

which includes processes involving both LLE and LQD vertices; see Fig. B.1. Notice that
the extra factor in front of the second term is due to the difference between vector and
pseudoscalar current. The B → τ ν channel has been experimentally measured and the most
updated results is reported in Ref. [353]:
BR(B → τ ν̄)exp = (1.06 ± 0.19) × 10−4 ,

(B.3)

with a SM prediction of [306]:
BR(B → τ ν̄)SM = (0.947 ± 0.182) × 10−4 .

(B.4)

Comparing these numbers for the experimental measurement and SM calculation, a constraint
could be imposed on the combination of RPV couplings and masses of sparticles in Eq. (B.1).
In Figs. 5.7 and 5.9, this constraint has been shown by the blue shaded region with dashed
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dark blue boundary. The constraint turns out to be not relevant for the parameter choice in
Fig. 5.8.
Similarly, the decay Bc → τ ν also gets a contribution from Eq. (B.2) with Vuj /Vub replaced
by Vcj /Vcb . This channel has not been measured and may not be measured in the near future.
Previously, constraints have been imposed using the life time of Bc , τBc = 0.51 × 10−12 s [230])
and a 10%-40% estimate on the maximal allowed BR(Bc → τ ν) [481, 482, 483]. We do not use
this channel as a constraint, since we find that in our scenarios B → τ ν gives always stronger
bounds. For completeness, we provide the predictions for BR(Bc → τ ν) for our benchmark
points: 25.6% (Case 1), 0.9% (Case 2), and 2.0% (Case 3). The corresponding ratio of the
BR(Bc → ντ ) between the RPV3 scenario and SM is found to be

BR(Bc →τ ν)RPV3
BR(Bc →τ ν)SM

= 34.2 (Case

1), 1.2 (Case 2), and 2.7 (Case 3).

B.0.2

B → K (∗) ν ν̄ and B → πν ν̄
sL

bL

λ0i33

b̃R

λ0i0 23

λ0i33
νi0

νiL

sR

bR

L

b̃L

νi0

νiL

(a)

λ0i0 32

L

(b)

Figure B.2: Contributions to B → K (∗) ν ν̄ via λ0 interactions in RPV3.
Tree-level exchange of sbottoms contributes to the decays B → Kν ν̄ and B → K ∗ ν ν̄; see
Fig. B.2. Taking into account decay modes into different neutrino flavor combinations we get
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for the branching ratios:

RB→K (∗) ν ν̄ ≡

BR(B → K (∗) ν ν̄)
BR(B → K (∗) ν ν̄)SM

1
v 2 πs2w λ0i33
=
δii0 +
3
2αem Vtb Vts∗

λ0i0 23 λ0i0 32
+ 2
me2b
meb
R

L

!

1
Xt

2

.

(B.5)

with the top loop function Xt = 1.469 ± 0.017 [484] and sw being the weak mixing angle.
Note that we consider both ebL and ebR exchanges, a feature only valid for final state with two
neutrinos. Depending on the chosen benchmark, this equation simplifies into different forms

and we use mebL = mebR for numerical purposes. A bound for this ratio has been given by [323,
446] RB→K (∗) ν ν̄ < 5.2 at 95% CL, which is adopted for our parameter setting and indicated
in Figs. 5.7, 5.8 and 5.9 as the yellow-shaded regions with dashed yellow boundary.
An analogous expression holds for the decays B → πν ν̄ and B → ρν ν̄:
BR(B → πν ν̄)
BR(B → ρν ν̄)
=
BR(B → πν ν̄)SM
BR(B → ρν ν̄)SM
v 2 πs2w λ0i33
1
δii0 +
=
3
2αem Vtb Vtd∗

λ0i0 13 λ0i0 31
+ 2
me2b
meb
R

L

!

1
Xt

2

.

(B.6)

However, the experimental bounds on those decays are much weaker than the B → K (∗) ν ν̄
bounds and are always satisfied for the parameter choice we have, and hence, are not shown
in Figs. 5.7, 5.8 and 5.9.

B.0.3

Bs − B s Mixing

Here, RPV contributions can arise at the tree level from sneutrino exchange, as well at the
one-loop level from box diagrams with sbottoms, sneutrinos, or stops; see Fig. B.3. Based on
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Figure B.3: Dominant contributions to Bs − B s mixing via λ0 couplings in RPV3.
the derivation from Ref. [417], we have:
∆MBRPV
s

λ0 λ0 λ0 λ0
2
2
V LL i23 j33 j23 i33
= mBs fBs P1
3
128π 2 me2b
R

λ0 λ0 λ0 λ0
LR i23 j33 i32 j33
+P1
128π 2 me2b
R

+

0
0
LR λ332 λ323
P2
2m2νe

,

(B.7)

where we update the hadronic P factors from Ref. [485] with the latest lattice input from
Ref. [486] giving:
P1V LL = 0.80 , P1LR = −2.52 and P2LR = 3.08 .

(B.8)

The mass difference ∆MBs in neutral Bs meson mixing is measured with excellent precision,
∆MBs = (17.757 ± 0.021) ps−1 [353]. The SM prediction, on the other hand, has sizable
uncertainties stemming mainly from the hadronic matrix elements and the CKM matrix
element Vcb [487]. For the SM prediction, we use the latest lattice average of hadronic matrix
q
elements from Ref. [488] (see also Refs. [486, 489, 490]), fBs B̂Bs = (274 ± 8) MeV, where
fBs is the Bs decay constant, and B̂Bs a so-called bag parameter. For the CKM matrix

element we use |Vcb | = (41.0 ± 1.4) × 10−3 , which is the conservative PDG average of recent
inclusive and exclusive determinations [230]. We find ∆MBSM
= (19.3 ± 1.7) ps−1 . This is in
s
good agreement with the experimental value and a recent SM prediction based on light cone
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sum rule calculations [491]. Combining our SM prediction with the experimental result we
obtain the following bound at 95% C.L.

0.78 <

∆MBs
∆MBSM
s

(B.9)

< 1.12 .

The combination of the experimental result and the SM prediction puts a bound on the
parameter space by confining the possible contribution to ∆MBs from RPV. This bound is
indicated as the grey-shaded region in Figs. 5.7, 5.8 and 5.9.

B.0.4

D − D Mixing

uL

λ̃0
31k

τ̃L

cL

uL

dk 0

dkR
cL

λ̃0
32k0

τ̃L

λ̃0
31k0

b̃R

uL

cL

λ̃0 0
i 23
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λ̃0
32k

λ̃0
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λ̃0
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b̃R

(a)

λ̃0 0
i 13

uL

(b)

Figure B.4: Contribution to D − D Mixing from λ0 in RPV3 at 1-loop level.
Here the dominant contributions come from stau or sbottom loops, as shown in Fig. B.4,
e0 ≡ λ0 Vjl couplings. The effective Hamiltonian for the loop-level
which arise from the λ
ijk
ilk
contributions to D − D mixing from RPV is described as [492]
HRPV

1
=
128π 2

e0 λ
e0 2 (λ
e0 λ
e0 2
(λ
i23 i13 )
32k 31k )
+
m2τeL
me2b
R

× (ūL γµ cL )(ūL γ µ cL ) .
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!
(B.10)

Using this we can derive a bound on the RPV parameters and relate them to xD ≡ ∆MD /ΓD
(where ΓD is the mean decay width of D meson):


1  1 TeV
8
mebR

!2

+



1 TeV
mτeR

6 (0.085)2 xexpt
D .

2



2
 λ04
323 (Vcs Vcd )

(B.11)

Combining this with the experiment result: xexpt
= (5.8 ± 1.9) × 10−3 [447], we get the bound
D
for (mebR , λ0 ), which is denoted by the pink-shaded region in Fig. 5.9.

B.0.5

D0 → µ+ µ−

uL

λ̃0213

µL

b̃R
cL

λ̃0223

µL

Figure B.5: Contribution to D0 → µ+ µ− from λ0 in RPV3 at tree level.
As shown in Fig. B.5, tree-level contributions from sbottom exchange to this rare D0 decay
width can be expressed as [416]:
1 λ02j3 λ02j 0 3 Vuj 0 Vcj
0
+ −
Γ(D → µ µ ) =
128π
me2b
R
q
2
× mD mµ 1 − 4m2µ /m2D ,
[198]

2

fD2
(B.12)

In case 3, this bound become most important and the expression reduces to a function of λ0 ,
λ0223 and mebR . An updated upper bound on this branching ratio [448] is set at 7.6 × 10−9 at
95% CL and the corresponding bound is shown as the light purple area in Fig. 5.9. In other
two cases, this bound is subdominant and is not shown in Fig 5.7 and Fig 5.8.

B.0.6

Z → ``¯0
λ0i33

`iL

tL
g
Z

b̃R
t̄L
λ0j33

`jL

Figure B.6: Contribution to Z → ``¯0 from λ0 in RPV3 at loop level.
This process gets modified by top-sbottom loops, as shown in Fig. B.6. Due to different i index
in λi33 , we may have different flavor final states (Z → τ τ or Z → µµ) or even flavor-violating
final states such as Z → τ µ. A change in the Z decay process from the SM prediction will
affect the ratio of the vector and axial-vector couplings of the Z boson with different lepton
flavors. Experimental measurements on these couplings are given in Ref. [230] as:




gVτ
gVe
gAτ
gAe



= 0.9588 ± 0.02997 ,

(B.13)

exp

= 1.0019 ± 0.00145 .

(B.14)

exp



[199]

The contributions to these ratios from RPV model are given by [417] (see also [493])



gVτ
2 δg`3 `3
= 1−
,
e
gV SM+RPV
1 − 4 s2w
 τ
gA
= 1 − 2 δg`3 `3 ,
gAe SM+RPV

where δg`i `j is a simplification of Eq. (30) in Ref. [494] where we only keep the top Yukawarelated terms. It is denoted as follows:

δg`i `j

 


mebR
λ0i33 λ0j33
3yt2
√
log
'
− 0.612 .
mZ
32 2GF π 2 me2bR

(B.15)

Taking i, j both equal to 3 and using Eqs. (B.13) and (B.14), we derive a bound on the
parameter space, as shown by the vertical pink-shaded region in Figs. 5.7 and 5.8. This
bound is not shown in Fig. 5.9 because the choice λ0333 ∼ 0 makes it irrelevant for Case 3.
In principle, bounds could also be put on λ0333 λ0233 by evaluating the experimental bounds
on the LFV branching ratio of Z → τ µ process. However, the current experimental bound
for BR(Z → τ µ) is of order of 10−5 while the contribution to this branching from RPV is
typically < 10−7 [494]. Therefore, no substantial bound can be put from the flavor violating
Z coupling. Also worth noting is that the W couplings could also be altered by RPV loop
processes. However, such bounds from the W coupling variations are not shown here since
they are not as strong as the bound from τ → `ν ν̄ process [494], which is described in the
next subsection.
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τL

`jL

λi33

τ̃R

λi0 j3
νi0

νiL

L

Figure B.7: Contribution to τ → `ν ν̄ from λ0 in RPV3 at tree level.

B.0.7

τ → `ν ν̄

The LLE coupling will result in the change of the decay rate of τ → eν ν̄ and of τ → µν ν̄
via the exchange of τeR , as shown in Fig. B.7. This effect could be tested by the ratio:
Rττ /` =

BR(τ → `ν ν̄)exp /BR(τ → `ν ν̄)SM
.
BR(µ → eν ν̄)exp /BR(µ → eν ν̄)SM

(B.16)

Based on the derivation from Ref. [417], in the SM+RPV case, we have:
Rττ /`

√


mebR
2 λ2323
3yt2
λ02
333
− √
log
' 1+
.
4GF m2τeR
mZ
16 2GF π 2 me2bR

(B.17)

This can be used to put constraints on the parameter space when combined with the
experimental values [495]:
(Rττ /µ )exp = 1.0022 ± 0.0030 ,

(B.18)

(Rττ /e )exp = 1.0060 ± 0.0030 .

(B.19)

The corresponding bound is displayed in Figs. 5.7 and 5.8 as dark blue region, while it is not
shown in Fig. 5.9 because in Case 3 this bound becomes irrelevant due to λ0333 ∼ λ323 ∼ 0.
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B.0.8

b → sγ
γ

bL

b̃R

b̃R

λ0i33

λ0i23

νiL

sL

Figure B.8: Contribution to b → sγ from λ0 in RPV3 at one-loop level.
The branching ratio of the rare decay b → sγ has been measured [353] as:
(B.20)

BR(b → sγ)exp = (3.43 ± 0.21 ± 0.07) × 10−4 ,
which is consistent with the SM result [496]

(B.21)

BR(b → sγ)SM = (3.36 ± 0.23) × 10−4 .

However, as pointed out by Refs. [497, 498, 499, 500], BSM effects from both R-parity conserving and violating terms could contribute to this channel either directly via one-loop diagrams
(like in Fig. B.8) or indirectly via RG running. Considering the direct RPV contribution only,
we take the bound in Ref. [497] adopting it to the updated measurement [353], which gives:

|λ0323 λ0333 | . 0.025 2
|λ0332 λ0333 | . 0.01





100 GeV
mνeτ

100 GeV
mτeL

2
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2
−

−

100 GeV
mebR

100 GeV
mebL

!2

!2

−1

,

(B.22)

−1

.

(B.23)

Substituting the benchmark mass values for our three cases we find that the constraints are
λ0332 λ0333 . 1.64, 1.15, 1.00 and λ0323 λ0333 . 7.14, 25.94, 1.01 respectively for Case 1, 2 and 3,
while the actual values of these coupling products we have for all these cases are O(0.01).
Thus the b → sγ constraint is always satisfied for all our benchmark points. The weakness of
this bound could be understood both from the partial cancellation between the two terms
in Eqs. (B.22) and (B.23), and from the dependence of the upper bounds on the sparticle
masses.

B.0.9

Neutrino Mass
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ēkR

b̃L
λ0j3k

(a)

ν̄jL

d¯kR

×

(b)

Figure B.9: Contribution to neutrino mass from RPV3 at one-loop level.

The trilinear RPV couplings in Eqs. (5.21) and (5.22) contribute to neutrino masses at
one-loop level through the lepton-slepton and quark-squark loops, as shown in Fig. B.9a
and B.9b respectively. Using the general expression [501, 502, 57] and dropping the terms
involving the first two generation sfermions, we obtain:
Mijν

2
m
e dLR 33
3 X 0 0
λ λ md
'
ln
16π 2 k ik3 j3k k me2b − me2b
R

1
+
16π 2

X
k

+ (i ↔ j) ,

L

(m
e e )2
λik3 λj3k mek 2 LR 332
mτeR − mτeL
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me2b

R

me2b

L

ln

!

m2τeR
m2τeL

!
(B.24)

where (m
e dLR )2 and (m
e eLR )2 are the left-right squark and slepton mixing matrices respectively,
given by

vd
(m
e dLR )2ij = √ (Adij − µ tan βyijd ) ,
2

(B.25)

(and similarly for (m
e eLR )2 in terms of Ae and y e ), where Ad,e are the soft trilinear terms,
y d,e are the Yukawa couplings, and tan β = vu /vd is the ratio of the VEVs of the two Higgs
doublets in the MSSM.
In the basis in which the charged lepton masses and the down quark masses are diagonal,
it is customary to assume that the A-terms are proportional to the Yukawa couplings, i.e.
Ad33 = Ab y b and Ae33 = Aτ y τ . With this substitution, Eq. (B.24) simplifies to
Mijν

!
Ab − µ tan β X 0 0
λik3 λj3k mdk mb
me2b
 τ
k
1
A − µ tan β X
+ 2
λik3 λj3k mek mτ ,
8π
m2τe
k

3
'
8π 2

(B.26)

where meb and mτe are the average sbottom and stau masses. We must ensure that the trace
of the M ν matrix in Eq. (B.26) (i.e. the sum of its eigenvalues mνi ) should satisfy the
P
cosmological bound on the sum i mνi . 0.1 eV [503]. For the three cases discussed earlier,

we find that this requires (Ab,τ − µ tan β) . O(0.5 MeV) for Cases 1 and 2, while for Case 3,
the upper bound is relaxed to about a GeV. With this choice, the neutrino mass constraint
can be readily satisfied, and therefore, we do not include it in Figs. 5.7, 5.8 and 5.9.

B.0.10

Neutrinoless Double Beta Decay

The same λ0 couplings responsible for nonzero Majorana neutrino mass could also induce a
sizable rate for the rare neutrinoless double beta decay (0νββ) process. There are several
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Figure B.10: Contribution to 0νββ from RPV3 at tree level.
contributions, via processes involving the sequential t-channel exchange of two sfermions
and a gaugino, where the sfermion may be a slepton or a squark, and the gaugino may be a
neutralino or a gluino [57]. But all these contributions depend only on λ0111 , and are therefore,
hugely suppressed or vanish altogether in our RPV3 setup.
There is another contribution [504], based on the t-channel scalar-vector type exchange of a
sfermion and a W boson linked together through an intermediate internal neutrino exchange,
as shown in Fig. B.10. The amplitude for this process depends on the left-right down-type
squark mixing given by Eq. (B.25). Using the latest lower limits on the 0νββ lifetime [505,
506], we obtain a bound on the combination [507]
|λ0131 λ0113 |

(Ab − µ tan β)
. 10−14 GeV−3 .
me4b

(B.27)

R

We checked that this condition is easily satisfied in all three benchmark cases considered
here, again due to the choice of the λ0 couplings in RPV3, and also due to the requirement of
small (Ab − µ tan β) for the neutrino mass.
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